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THE DISTRIBUTION OF ACYLASES IN THE SEEDS 
OF HIGHER PLANTS! 


K. Ozaki? AND L. R. WETTER 


Abstract 


The presence of aminoacylase or aminoacylases in the seeds of a number of 
genera covering 25 families was demonstrated by employing the N-acetyl 
derivatives of 10 amino acids as substrate. Seeds selected from three families 
(Capparidaceae, Cruciferae, and Leguminosae) appeared to be the richest source 
of acylase. There was considerable difference in the amount of hydrolysis of the 
various N-acetyl amino acids. N-Acetyl-L-methionine was hydrolyzed by all the 
seed samples tested except one; three other N-acetylated amino acids (leucine, 
tyrosine, and alanine) were hydrolyzed to a lesser degree. N-Acetyl-L-proline 
was not attacked by any of the enzyme samples tested. The investigation 
demonstrated widespread distribution of the enzyme or enzymes responsible for 
the hydrolysis of the N-acetyl amino acids among plant seeds. 


Introduction 


Enzymes which catalyze the hydrolysis of N-acetyl amino acids have been 
reported to be present in animal tissue. Birnbaum and co-workers (1) have 
described two acylases isolated from hog kidney: acylase I, which hydrolyzes 
N-acetyl amino acids in general, and acylase II, which hydrolyzes N-acetyl- 
L-aspartic acid in particular. Many different classes of substrate have been 
investigated and all have been hydrolyzed to varying degrees. For example, 
Rao et al. (2) investigated chloroacetyl- and glycyl-amino acids, while Fu and 
Birnbaum (3) studied the relationship between structure and susceptibility to 
hydrolysis. 

A number of investigators have reported other sources of aminoacylases. 
Paik et al. (4) reported an enzyme found in rat kidney which hydrolyzed 
N-acetyl-L-lysine. Vogel and co-workers (5) reported the hydrolysis of N- 
acetyl-L-ornithine and N-acetyl-L-methionine by enzymes found in Escherichia 
coli. Michi and Tsuda (6) have recently shown that aminoacylases are also 
produced by two molds, Penicillium vinacious and Aspergillus. 

A search of the literature has revealed that very little work has been done 
on the existence of aminoacylases in higher plants. In a recent study, in which 
Watkin and Neish (7) demonstrated the incorporation of C'4-aromatic com- 
pounds into quercetin of buckwheat, it was noted that N-acetyl-L-phenyl- 


‘Manuscript received April 29, 1960. 

Contribution from the Prairie Regional Laboratory, National Research Council of Canada, 
Saskatoon, Saskatchewan. 

Issued as N.R.C. No. 5755. 

2Postdoctorate Fellow, National Research Council of Canada 1957-1959. 
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alanine was incorporated as effectively as L-phenylalanine. This observation 
suggests that an acylase is present in buckwheat which deacetylates the amino 
acid. Shortly after the present investigation was initiated, a reference was found 
to work done by Chibata and Tosa (8) in which aminoacylases were reported 
in various plant tissues. The present work describes both the distribution and 
the quantity of aminoacylases in the seeds of various higher plants. 


Materials and Methods 


Seeds were used as the source of enzyme and no attempt was made to study 
the distribution of the enzyme in the growing plant. Since the purpose of the 
study was to investigate the distribution of the aminoacylases in various 
species, seeds were chosen from as many different families as possible. The 
seeds, which were purchased locally, were classified according to Bailey (9) 
and Hill (10) and are listed in Table I. 

Ten N-acetyl amino acids were used in order to obtain as wide a spectrum 
of substrate specificity as possible. These materials were obtained from com- 
mercial sources. 

All the crude enzymes were prepared in the same manner at 2°C. Plant 
material (300 mg) was triturated in a mortar with 3 ml of 0.05 M phosphate 
buffer (pH 7.2). The extract was placed in a cellophane bag, dialyzed over- 
night against phosphate buffer, and then centrifuged. The supernatant thus 
obtained was designated as a crude enzyme preparation. The protein content 
of these crude fractions was determined by the method of Lowry et al. (11), 
using crystalline bovine serum albumin as the standard. 

The estimation of enzyme activity was carried out in the following manner: 
The reaction mixture contained 0.03 ml of crude enzyme, 0.25 umole of sub- 
strate (with respect to the L-isomer), 0.05 wzmole CoSQ,, and 5 zmoles of 
phosphate buffer (pH 7.2), all made up to a final volume of 0.1 ml. The blank 
which was run at the same time contained all the materials except the sub- 
strate. The mixture was then incubated for 1 hour at 37° and at the end of 
this period 1 ml of ninhydrin reagent was added for the colorimetric estimation. 
This assay, described by Moore and Stein (12), was employed for all the 
substrates tested except proline. As free proline cannot be estimated satis- 
factorily by this method it was identified by chromatography on paper and 
the results are not included in Table I. 


Results 


The results are presented in Table I as specific activities, i.e. units per 
milligram of protein (the unit is defined in Table I). Results could also be 
expressed in terms of percentage of total substrate hydrolyzed or in terms of 
total amount of substrate hydrolyzed. However, both methods are limited by 
the fact that no indication of enzyme concentration is obtained. Therefore 
the choice of expressing results as shown in the table appears to be most satis- 
factory, particularly for purposes of comparison. 

The variability of the protein content in the extracts is partly a reflection of 
the ease with which the proteins in the seed can be peptized, as well as the 
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amount of protein present in the material. The extracts of rape and the 
legumes had the highest content of protein; this was expected as these seeds 
are high in total protein (13). The other seeds yielded extracts that were con- 
siderably lower in protein, the lowest-protein extracts being obtained from 
wheat and onion. 

The enzymatic hydrolysis of the various substrates was quite variable and 
there appeared to be no clearly defined family relationship. However, a few 
interesting facts should be pointed out. N-Acetyl-L-methionine was the most 
generally hydrolyzed substrate as it was hydrolyzed to some extent by all the 
seeds tested with the exception of rice. Since the latter was polished and pre- 
pared for human consumption, the possibility exists that processing may have 
damaged the enzyme systems. The next most generally attacked N-acetyl 
amino acid was leucine, followed by tyrosine and alanine. Five substituted 
amino acids showed only slight acylase activity. Of these, valine was hydro- 
lyzed to a slightly greater degree than tryptophane, glutamic acid, phenyl- 
alanine, and glycine. No extract showed any activity towards N-acetyl-DL- 
proline. 

This preliminary study indicates that aminoacylases in plants are not found 
in any one family exclusively and that the highest concentrations are not con- 
fined to any particular family. Cleome (Capparidaceae) has the highest 
specific activity towards eight of the nine substrates tested (see Table I). Both 
buckwheat (Polygonaceae) and onion (Liliaceae) had high specific activities. 
However, asparagus (Liliaceae) had a very low specific activity, indicating 
considerable variation in acylase content within the family. Rape (Cruci- 
ferae), pansy (Violaceae), American elm (Ulmaceae), sweet pea (Leguminosae), 
and Salvia (Labiatae) had varying amounts of activity but none was parti- 
cularly high. If one considers that the total amount of enzyme extracted is 
equal to the specific activity multiplied by milligrams of protein then it can be 
shown that the highest yields of acylase are from the legumes. 


Discussion 


The present study was not primarily designed to furnish information on the 
relative amounts of these enzymes but rather to demonstrate their presence 
and to indicate the substrates that were hydrolyzed. Therefore, no attempt 
was made to study the distribution of these enzymes in the plant itself or to 
follow the acylase activity in the seed during germination, as was done by 
Chibata and Tosa (8). However, the study does demonstrate that amino- 
acylases are widespread in the seeds of plants. 

Since such a large number of N-acetylated amino acids are attacked, the 
question arises whether these are the results of different enzymes in different 
plants or even different enzymes in the same plant. We are inclined to believe 
that in all probability part of the explanation lies in the fact that an acylase 
may have a fairly wide substrate specificity, that is, different N-acetyl amino 
acids are hydrolyzed by the same enzyme. This view seems to be general as 
Michi and Tsuda (6) report that the acylase found in Penicillium and Asper- 
gillus is responsible for the hydrolysis of a number of N-acetyl amino acids. 
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Greenstein and co-workers (14) report the same behavior for renal acylase I. 
Lack of information at the present time makes it impossible to reach a definite 
conclusion on this point in the case of plant acylases. 

Another consideration concerns the relationship of aminoacylases to pep- 
tidases and proteinases. Since these enzymes are all concerned with the 
cleavage of the peptide bond they could be related to one another. Investiga- 
tions with known animal and fungal peptide-cleaving enzymes suggests that 
these are different enzymes since the groups adjacent to the peptide bond 
rather than the bond itself appear to be the important factor in determining 
specificity. In all probability the same relationship holds true for plant 
aminoacylases; purification of the enzyme and detailed substrate specificity 
studies should aid in elucidating this point. 
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PENETRATION OF RADIOACTIVE ISOPROPYL 
METHYLPHOSPHONOFLUORIDATE 
(SARIN) VAPOR THROUGH SKIN! 


M. K. McPualit Anp P. A. ADIE 


Abstract 


Studies have been made of the penetration of sarin (isopropyl methylphosphono- 
fluoridate) tagged with P** through the skin of rabbits. Sarin vapor at a constant 
concentration was passed through a plastic cup attached to the clipped bellies of 
rabbits. Using different sizes of cups it has been found that the L(ct)50 (concen- 
tration X exposure time required to kill 50% of the animals exposed) decreased 
as the exposure area was increased. From these experiments it was possible to 
determine how absorption through skin varies with area exposed, vapor concen- 
tration, and exposure time and to find the approximate ‘ct’ necessary to kill a 
rabbit for any area of skin exposed. 


Introduction 


Isopropyl methylphosphonofluoridate (sarin), an exceedingly toxic liquid, 
was first prepared by the Germans in the early days of World War II and 
stock-piled as a potential chemical warfare agent. It has never been used as 
such. Sarin is volatile at room temperature and is toxic both as a liquid and 
as a gas. Its vapor pressure at 25° C is 2.2 mm Hg. Much work has been done 
both in Canada and elsewhere in determining the toxicity of this substance for 
a wide variety of animal species and in elucidating its mode of action. In work 
at the Suffield Experimental Station the inhalation hazard from sarin has been 
extensively studied; not so, however, the hazard from penetration of vapor 
through skin. Under warfare conditions, instances might arise where personnel, 
protected by gas masks from the inhalation effects, would be exposed to the 
percutaneous hazard of high concentrations of sarin vapor. This would occur 
particularly if the clothing of troops were sprayed with liquid agent. Part of 
the agent would evaporate into the air, but it has been shown in our laboratories 
that high and possibly dangerous concentrations can be built up under the 
clothing from contamination by droplets too small to penetrate the clothing 
as liquid. 

To assess the hazard from sarin vapor absorbed percutaneously it is necessary 
to know 

(1) the amount of liquid contaminating the clothing, 

(2) the ct (i.e. concentration in mg/m* X time in minutes as a measure of 
dose) that a given contamination would produce, 

(3) the ct required over various areas of skin to incapacitate or kill. 
McGrath (1) has reported an L(ct)50 of 8400 mg min/m* for monkeys exposed 
to sarin vapor over the whole body with the exception of the head, i.e. the 
animal breathed fresh air during the exposure. 

‘Manuscript received March 21, 1960. 

Contribution from the Physiology Section, Defence Research Board of Canada, Suffield 


Experimental Station, Ralston, Alberta, as Suffield Technical Paper No. 181 (DRB Project 
No. D52-89-50-15). 
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The present series of experiments were planned to answer the following 
two questions: 

(1) How does cutaneous absorption vary in the rabbit with (i) the area of 
skin exposed, (ii) the vapor concentration, and (iii) the exposure time ? 

(2) What ct is necessary to cause death in a rabbit for varying areas of skin 
exposed ? 


Methods 
Sarin 
Sarin, labelled with P*?, was used for these studies so that the amount of 
agent penetrating the skin could be determined. The synthesis of labelled sarin 
was carried out by the Chemistry Section, S.E.S. (2). Sarin of high purity and 
high specific activity was prepared from red phosphorus irradiated to approxi- 
mately 2.2 curies per gram. 


Vaporization Apparatus 

A diagram of the vaporizing apparatus used is shown in Fig. 1. Air from a 
compressed air bottle was first dried by passing it through a silica gel column 
and then was bubbled at the rate of 0.3 liter/minute through pure sarin. The 
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Fic. 1. Flow diagram of vaporizing apparatus. 


sarin was contained in a flask which was immersed in a constant temperature 
bath at 30°+1° C. Sintered glass was used to create fine bubbles in the sarin. 
From the sarin flask the vapor was passed through a condenser cooled with 
water pumped from a second bath maintained at 15°+1°C. In the condenser 
excess vapor and aerosol were removed. As an added precaution against escape 
of liquid particles, the vapor, after it had left the condenser, was passed through 
a large glass coil in the 15° C bath. After it had issued from this coil the vapor 
was raised to room temperature in another coil. At this stage the air stream 
should contain no aerosol and should have a vapor pressure of 1.4 mm of Hg, 
i.e. the vapor pressure of sarin at 15°C. The air stream containing sarin was 
then passed through a glass cup attached with collodion to the clipped belly of 
a rabbit. 

Various sizes of cups were used: 4, 4.1, 12.6, 16, 64, and 78 cm? in cross- 
sectional area. A typical cup in place on a rabbit is shown in Fig. 2. In some 
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Fic. 2. Rabbit with 78-cm? cup attached to belly. 


experiments a fan was incorporated within the cup to circulate the vapor 
evenly. 
Method of Analysis 

Sampling of the vapor to determine the concentration was accomplished by 
fitting a collecting tube containing ‘‘Dowanol’’ (dipropylene glycol methyl 
ether) at the position occupied by the cup. A fixed volume of sarin-contamin- 
ated air, measured by displacement of liquid, was drawn through the ‘“‘Dowanol” 
by means of a dip-tube. The amount of sarin in the sampler was determined 
by a method similar to that of Gehauf et al. (3). The color reagent used was 
o-dianisidine. Ethanol was used instead of the acetone used by Gehauf et al. (3). 
A second determination was carried out as a check, using a Geiger—Miiller tube 
to count P®? in the sample. Generally two samples were taken before exposing 
the animal and two after, and the mean of these was used to indicate the vapor 
concentration for that particular experiment. Although every precaution was 
taken to keep the vapor concentration constant during an exposure there were 
occasions when it varied for reasons that have not been explained. In the 
course of our studies the vapor concentration was varied from about 350 mg/m* 
to approximately 20,000 mg/m. 


Animals 
The hair on the bellies of the rabbits used in the experiments was closely 
clipped 24 hours prior to exposure of the animals. The appropriate cup was 
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affixed to the clipped area with collodion (Fig. 2). After exposure the animal 
was killed, bled, and skinned. The tissue was prepared for @-particle counting 
in the manner described by McPhail and Adie (4). The counting rate for the 
tissue samples was of the order of 200 counts per minute for 1 4g sarin/g tissue 
when the specific activity of the sarin was 1 mc/g. This means that for the 
highest activity prepared, 280 mc/g, the counting rate was about 60,000 counts/ 
minute for 1 yg of sarin/g of tissue, or 60 counts/minute above background for 
1 part of sarin in 10° parts tissue. 


Results 


The results of these experiments have been compiled in the form of tables* 
and from these, graphs have been prepared. The graphs will be discussed under 
separate headings, each heading dealing with one of the factors having a 
bearing on the penetration of P*? through skin. 


Absorption of Sarin P**}+ as a Function of the Area of Skin Exposed 

In Figs. 3A and 3B the intake (expressed as micrograms of sarin/minute) is 
plotted against the area of skin exposed (cup size). Although the mean 
concentration of vapor to which the animals were exposed should have been 
the same for a series, it actually varied from 7000 to 9500 mg/m in one series 
(Fig. 3A) and from 2000 to 2600 mg/m® in the other (Fig. 3B). The effect of 
this variation, however, is small (cf. Figs. 5A and 5B) compared with the 
effect produced by varying the area of skin exposed. It will be noted, therefore, 
that although the scatter in results is great, absorption of sarin P*? increased 
as the area of skin exposed increased. The variations appear to be slightly 
non-linear; however, because of the amount of variation in the results, no con- 
clusion as to linearity is possible. This point will be elucidated further in the 
discussion. It will be shown below that intake of sarin (based on P*? measure- 
ments) varies directly with time. Consequently the intake for animals exposed 
for various times can be expressed as intake per unit time and such data can be 
used to plot graphs such as shown in Figs. 3A and 3B. 


Absorption of Sarin P** as a Function of the Exposure Time 

In Figs. 4A and 4B, total intake of sarin P*? in micrograms is plotted against 
time of exposure in minutes when the area of skin exposed was constant. 
The mean vapor concentration to which each of the various animals in this 
series was exposed varied from 5300 mg/m* to 9100 mg/m* in one series (Fig. 4A) 
and 2000 to 2600 mg/m®* in another (Fig. 4B). Although the concentration 
variation in one case is greater than that discussed in the preceding paragraph 
the effect of this is still small compared with the effect caused by varying the 
exposure time. It will be noted that in spite of the wide scatter in results it may 
be safely concluded that the absorption of sarin P*? increases with an increase 
in exposure time. The relationship appears to be linear but it, too, will be 
treated more fully in the discussion below. 


*Any person wishing to see the original data may do so by writing the authors, Suffield 
Experimental Station. 

tAs absorption was measured by P* count only, the absorption of any breakdown products 
of sarin formed on the skin is included in the figures for sarin P*. 





939 





(‘aul [ezUOzIIOY kv UT Aja}e1edas papsOdas are s}UIOd yUapIUIO[7)) *,WI/3W QQ0Z PUB QOOZ UF2%30q (gq) 


pure ,Uu/3u QOS6 PUB NNO, UFEMJEq (VY) SUOIZBI}UBDUOD JOdeA JO} ULIeS Jo UOT}dsOSqe UO pas 
(zW2) v3auv 








7 vvTe F 


0092 - 0002 ="SNO9 


' 
' 


fost ut 
re. YM 


ro 


‘ileal ' 
fees 


1 
T 


o§ tee 


(NIN/9T!) 3awvi.ni 


Terrrr tr 
fosn nt 
Tttrrt 


togsttpt.. st 3. 


McPHAIL AND ADIE: SARIN VAPOR THROUGH SKIN 


ence oo ose ade 


tT 
oe 








2.4.2.2 


eWs9ON 


XO BIIE ULYS JO DIY 


00$6-0004 ="9NO 


eee ee 














Loni at 


i 


lL ree 
(NINZ9T!) 3WVLNI 


i 


1 


£5.43 6 





PEO ISE IP RUT APO TE, 





(‘apis Aq apis papsodai aie sjutod yuapioulo7) *,Wd $9 pasodxa eaiy 
",/3W 9Q99Z PUB QONZ U9EMJAq SUOT}e1}U9DU0D JOdeA JOj ULIeS JO UOT}dIOSqe UO aU JO JDayq (q) (‘,W9 gz pesodxa 
BaIY) ‘,W/3UI QO16 PUP ONES UIEMJaq SUOI}eI1}UIDU09 JOdeA JO} ULIeS JO UOIdIOSqe UO aU) JO Way (yy) “PF ‘DIY 














2 (NIW) 3WIL (NIW) 3WiL 
os 001 0! 001 01 .. 
” se ae aa i T ‘ill it ka eam T ' "tT 8 T Trttt Trt T ro 
= 
5 [ eW79ONW ] : eNW7oOn ] 
Ss - 0092 - 0002 ="DNOD 7 a 0016 - OOES ="DNOD «| 
~ 
Fs ‘ i q d 
a 
° ta : ~ Ss 4 
7) e 
2 a al a od 
x - 3 “ — = 
Ay “ 4 a “4 
Qa aa - =“ be . “ 
Z = . So = sor _ 
< ‘ ' . . z 
> - . . “4 
% $ . . > 
B q ; 7] i o. && ; . 4° 
= . a 4 . 
(2) ° H H 4 ° ° = 
5 r . ’ 7 m — e ° 7 7 
5 5 1 . - came a % ° = oO 
a . . : 4 , 5 2 e 4 _ 
(x, be 4 = © s ° 4 
oe) b = ~ s Pe ® 4 
= a ° ° 2 ol ? e a 
= — —j001 — ° joo! 
Z t 
% ° ° 
=) " e 
2 . 
bh = h « 
Z . 
5 = 4 = ° “ 
ba 
Z, r “ a 4 
O e 4 . “ 
aan = = = 
roe a ae l ye er ie ae n Jo001 oe. = a aw | l ere ai i Jooot 

















i] 
> 
an 








CM ister Re 


AE: 


noes 


ay Gates 


McPHAIL AND ADIE: SARIN VAPOR THROUGH SKIN 


























(NiIW/OT! ) 


3yVINI 


22 i fo 1 T perry . = t t yerre | Tf LJ 
= * » e* ae a *e a 
e ee % ew ‘ri! —s * . . . 3 
_—— bai -* tia “es -_ oO 
3 hg 
“ Se hn » 
: me 8 OG Pi 
a ratee &* J 
. e ‘4 vs . 
°o 
= . —_—_ o 
i ~4 SO 
a : ee ee ae ‘7 
- © bj ca ee. 4 
ets 6 2 - 4 litutnuny 4 lintp ty 3 : 
°o o = -™ 
= ° 
(NIN/9T7) 3y¥VvINI 
°o 
TTT TT T Te a A et [TTTT TTT as 
= * * » oy yi 
an e . 
e. . = 
= . e 
s 2 
ee - — sy 
. 
° - 
°o 
= _j° 
= 4° 
= . a 
__ . ~ 
ae . = 
e . 7 
- — 
x 
bits 4 bituan ya i 4 Lisitiu is 4 4 
°o “g — 
— °o 


CONC. (MG/M?) 


CONC. (MG/m?*) 


ffect of vapor concentration on the absorption of sarin: (A) 78-cm? cup size, (B) 64-cm? cup size. 


941 


E 


Fic. 5. 








942 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 38, 1960 


Absorption of Sarin P** as a Function of Vapor Concentration 

Figure 5A shows the variation of intake of sarin P** (ug/minute) with con- 
centration of vapor for the 78-cm? cup size and Fig. 5B shows a similar relation- 
ship for the 64-cm? cup size. Although the scatter in results is again great, it can 
be seen that absorption increases with concentration in the range investigated. 
Lethal Dosage and Area of Exposure 

Using the three cup sizes (78, 12.6, and 4.1 cm?) the lethal ct/kg body weight 
was recorded for 42 rabbits as a function of cup size. These data are presented 
in Fig. 6. It will be noted that the dosage required to cause death falls as the 
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area of exposure increases. The relationship is not direct, however, as the 
product ct X area is not constant. If one assumes a zone of diffusion ex- 
tending about 0.7 cm from around the perimeter of the cup (evidence for this 
was obtained from analysis of the P*? content of skin from outside the exposure 
area), the products obtained (as shown in Table I) show a linear relationship. 
This aspect is discussed further below. 
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TABLE I 
Decrease of ct/kg Xarea with decreasing area 

















Data recorded Corrected for diffusion 
Area Average, ct/kg New area ct/kg 
(cm?) ct/kg Xarea (cm?) Xarea 
78.0 0.2108 1.310" 102.0 1.610’ 
12.6 0.1108 9.2108 22.9 1.7107 
4.15 1.4105 6.0108 10.8 1.610" 
Discussion 


A general equation to describe the penetration of sarin through skin can be 

stated as follows: 

I = kA*C’r 
where J is the intake of sarin, A is the area of skin exposed in square centi- 
meters, C is the vapor concentration in grams per cubic meter, ¢ is the time of 
exposure in minutes, and k, a, 8, and y are constants. 

The values of the constants were calculated by reducing the equation to a 
linear form in four unknowns by taking logarithms 

log I = logk + alog A + @ log C + y log t. 
Knowing J, A, C, and ¢ for each of 240 rabbits used for the analysis* it is 
possible to write down 240 equations with four unknowns, log k, a, 8, and y. 
The solution of these equations is a standard statistical procedure which 
assumes that the best fit of the data is given by the regression line for which 
the variance is a minimum. 

The regression has been found to be 

I = 2.2 X 10-4 A®-*C°-7t!-© ng. 

Approximately two-thirds of the results fall within a factor of 2 of the intake 
predicted by this equation. The exponents of A and C are significantly 
(P <0.01) lower than one. In the case of @ it is thought that lateral diffusion 
of sarin beyond the edge of the cup may be the cause for the constant being 
less than one, the ratio circumference:area being of course larger the smaller 
the area, while in the case of @, it is suggested that the blood supply to the 
exposed area may be insufficient to remove sarin as fast as it is being supplied. 
As regards y, the intake varied linearly with time over the observed range 
(5 to 30 minutes). 

One of the most striking features of the results was the tremendous variation 
of intake from one rabbit to another under identical experimental conditions of 
exposure time, area, and vapor concentration. Variations of intake by a 
factor of 10 from the mean were observed. No explanation of the wide scattering 
of the results from apparently similar animals has been found but is assumed 
to be a function of unknown qualities of the skin. 
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THE DISTRIBUTION OF RADIOACTIVE PHOSPHORUS IN THE 
BLOOD AND TISSUES OF RABBITS TREATED WITH TAGGED 
ISOPROPYL METHYLPHOSPHONOFLUORIDATE (SARIN)! 


M. K. McPuatt AND P. A, ADIE 


Abstract 


By using sarin (isopropyl methylphosphonofluoridate) tagged with P* it has 
been possible to determine the distribution of the P*? in the tissues after injection 
of sarin solutions or after cutaneous application of sarin vapor. In rabbits the 
percentage of P** per gram of tissue after injection of sarin paz was found to be 
higher in lung and kidneys than in other organs. The ratio of the P** in blood to 
that in the body as a whole was found to decrease with the time after injection. 
The ratio also varied with the time after cutaneous application of vapor but in 
this case the results were complicated by the relatively long exposure times com- 
pared with the injection times. Cholinesterase determinations carried out on 
rabbit erythrocytes showed that the cholinesterase levels dropped precipitously as 
the P*? concentration in the blood increased. 


Introduction 


In a previous paper (1) some of the factors that influence the penetration of 
isopropyl methylphosphonofluoridate (sarin) through the skin of rabbits were 
discussed. Many of the animals that were used in that study were also used 
for work reported in this paper. The object of the present investigation was 
(i) to estimate the blood cholinesterase levels of sarin-treated animals at 
different times after administration of the anticholinesterase, and (ii) to 
determine the distribution of P*? in blood and tissues of rabbits. 


Methods 


Radioactive sarin (2) was used in this study as in the earlier one (1). It was 
administered either as a vapor through the skin or injected intravenously or 
intraperitoneally into rabbits. The method of obtaining the vapor and passing 
it over an area of skin has been described in the previous report (1). The 
concentrations used in the experiments varied considerably; however, the 
concentration variation is not relevant to the subject discussed in this paper. 

After exposure to sarin P** vapor or the injection of sarin P*? solution, the 
rabbits were killed by a blow on the head and the blood was collected by jugular 
bleeding. The tissues were prepared for P*? counting in the following manner. 

The lung, liver, and kidney were removed, weighed, and homogenized in a 
‘Waring Blendor’ and the remainder of the carcass was put through a meat 
grinder. Both the blood and urine were mixed with a hot gelatin solution and 
treated as solids after the gelatin had set. Samples were prepared to have a 
fixed geometry for end-window Geiger—Miiller tube counting. The P*? content 
of the skin was obtained by dispersing the skin in concentrated nitric acid, 
diluting with dioxane and acetone, and using a dip-counting technique. By 

'1Manuscript received March 21, 1960. 

Contribution from the Physiology Section, Defence Research Board of Canada, Suffield 


Experimental Station, Ralston, Alberta, as Suffield Technical Paper No. 182 (DRB Project 
No. D52-89-50-15). 


Can. J. Biochem. Physiol. Vol. 38 (1960) 
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adding known quantities of P*? to samples of various organs correspondence 
was established between counting rate and P*? content (expressed as sarin). 
No loss of P*? from the samples occurred with time, and the counting rate was 
proportional to the P*? content. 

Cholinesterase activity was determined by the method of Callaway and 
Davies (3). 


Results 


As stated in our earlier paper (1) results from the experiments were compiled 
in the form of tables and from these, pertinent material has been taken and is 
presented in the form of graphs or condensed tables. * 


Distribution of P®* in Tissue 

In assaying the amount of P*® in various organs, it was shown that with 
most experiments there was a higher percentage of P**/gram of tissue in the 
lungs and kidneys than in the liver or carcass. As the lungs and kidneys are 
organs of excretion this is not entirely surprising. However, no trace of P*? 
could be found in the expired air. A lung homogenate from a dead animal was 
tested for cholinesterase activity and was found to be quite active. This would 
suggest that breakdown products of sarin were responsible for the high lung 
radioactivity, as the amount present in the lung, if it were sarin, would inhibit 
the cholinesterase present. 

To test this view an organophosphorus compound, di-isopropyl methyl 
phosphate (DIMP), which does not inhibit cholinesterase, was tagged with 
P*®? and injected into rabbits, both by itself and in conjunction with sarin. 
It was found that with DIMP alone the lung concentration of P*? was not high 
but in combination with non-radioactive sarin the concentration was high, 
i.e. the result was somehow due to some unexplained reaction of the body to 
sarin. 

Jandorf and McNamara in 1950 (4) showed that the concentration of P** 
was highest in lungs, kidneys, and liver of rabbits following the injection of 
di-isopropyl phosphonofluoridate (DFP) tagged with radiophosphorus. Wilson 
(5), who carried out experiments in cats with P**-tagged sarin, found roughly 
the same distribution of P*? in tissues as we did. He noted that there was a 
good correlation between the P*? content of an organ and the amount of blood 
circulating through it and suggested that the high values of P** for lung, kidney, 
and liver depend on the ‘“‘throughput of blood’’. 

In the present series, experiments were carried out in which animals, injected 
with a sublethal dose (viz. 15 ug/kg of sarin P**), were killed at varying times 
after injection, and the percentage of the total P** found in the body was 
calculated for different tissues. The results of these experiments are presented 
in Table I. It will be noted that the concentration of P*? is much higher in the 
lung and kidney than in the other organs and furthermore that the concen- 
tration of P*? in the lung remains fairly constant up to 16 hours. The concen- 
tration of P*? in blood, kidney, liver, and residual tissue (i.e. the carcass less 


*Any person wishing to see the original data may do so by writing the authors, Suffield 
Experimental Station. 
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blood, kidney, and liver) at 32 hours after administration of sarin (P**?) was 
only about 1/7 to 1/16 of the value obtained 15 to 30 minutes after injection 
for these tissues. In the case of lung, however, the concentration at 32 hours 
was still about one-third of that of the value 15 minutes after injection. 


TABLE I 
Distribution of P*? in rabbit tissue following the injection of sarin, 15 ug/kg 








Concentration of P*? in tissue (ug/g) 





Time after injection 





Rabbit to killing of Total 
No. animal Blood Kidney Lung Liver tissue* 
102 15 minutes 0.036 0.177 0. 387 0.019 0.012 

62 30 minutes 0.038 0.160 0.366 0.007 0.015 
64 30 minutes 0.041 0.054 0.347 0.008 0.005 
69 30 minutes 0.050 0.098 0.354 0.013 0.012 
101 30 minutes 0.051 — 0.377 0.015 0.014 
100 1 hour 0.019 0.103 0.284 0.013 0.011 
99 2 hours 0.031 0.080 0.280 0.008 0.011 
98 4 hours 0.013 0.050 0.332 0.008 0.014 
104 8 hours 0.007 0.031 0.227 0.007 0.005 
105 16 hours 0.013 0.037 0.275 0.003 0.004 
106 32 hours 0.005 0.011 0.123 0.002 0.002 





*Apart from organs specified. 


Estimation of Total Intake from Blood Samples 

It was hoped at the start of this work that for different species, a more or 
less constant ratio of the concentration of P** found in the blood to that found 
in the whole body would exist. If this proved to be so then it might be possible 
to estimate the total amount of agent absorbed in man (assuming this same 
ratio held for man as for rabbits) from a knowledge of the blood concentration 
only. With this in mind, blood and total body concentrations of P*? were 
examined in rabbits following the injection and percutaneous administration 
of sarin (P*?). 

(1) Injection Studies 

The results of these experiments are presented in Table II. It is apparent 
that the ratio of the P** concentration in the body, as a whole, to that in the 
blood varied appreciably with time. A graph drawn from this data is shown 
in Fig. 1. 

The mean ratio, body concentration of P*?/blood concentration of P**, for 
the 28 rabbits listed in Table II is 0.60. If the three animals which were in- 
jected subcutaneously are left out of this calculation, the ratio for the 25 intra- 
venously injected animals is 0.63. However, the mean ratio for the six rabbits 
killed at time intervals of 1 hour to 32 hours following injection is 1.43 and for 
those animals (22) killed within 30 minutes or less of injection it is 0.37. It 
would appear, therefore, that the ratio varies constantly with time following 
injection, regardless of the dose. 


(11) Cutaneous Studies 
Examination of the data for rabbits given sarin by percutaneous absorption 
also shows great variation in the body/blood concentration ratio. The average 
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TABLE II 


Variation of ratio: body concentration* of P%2/blood concentration of P*? 
with time (rabbit experiments) 








Time after injection 
Dose of sarin Route of to killing (K) or 
injected (ug/kg) injectiont death (D) of animal Blood concentration 


Body concentration 








30 I.V. 1.5 minutes D 0.13 
30 oy. 2.6 D 0.41 
30 cy. 3 D 0.18 
24.8 iv. 5 K 0.29 
24.6 I.V. 13.5 D 0.46 
15 LV. 15 K 0.42 
24.7 I.V. 18 D 0.25 
6.2 rv. 28 K 0.31 
11.8 LV. 29 K 0.23 
15 LV. 30 K 0.29 
15 I.V. 30 K 0.39 

7. I.V. 30 K 0.36 
15 I.V. 30 K 0.37 

7.5 LV. 30 K 0.47 
15 L.V. 30 K 0.30 
12 ay. 30 K 0.60 
6.1 cy. 30 K 0.45 
6.2 LV. 30 K 0.56 
11.8 L.V. 30 K 0.69 
15 I.V. 1 hour K 0.79 
15 .V. K 0.49 
15 y. 4 K 1.15 
15 I.V. 8 K 2.07 
15 LV. 16 K 1.14 
15 LV. 32 K 2.94 
40 a. 7 minutes D 0.37 
50 Sc. D 0.39 
20 Sx. 30 K 0.26 





total intake in ug of pst 


* ni i P3? = 5 = 5 
Body concentration of weight of animal in kg 




















TS.C. = subcutaneous; I.V. = intravenous. 
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Fic. 1. Variation in rabbits of cholinesterase ratio of whole body concentration of P* 
to blood concentration of P*? with time after injection of sarin P%?. 


for 28 animals exposed for 5, 10, and 20 minutes and killed immediately is 
0.40 with variations from 0.13 to 1.46 (Table III). The four rabbits (Nos. 30, 
31, 32, 33) which were killed at 30 minutes after injection had an average ratio 
of 1.08 but this value was not found in injection experiments where the mean 
value was 0.45 for 10 rabbits injected intravenously with 6 to 15 yg sarin and 
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killed 30 minutes later (Table II). Of animals exposed until death occurred 
(Table III) those dying under 100 minutes (3) had an average body/blood 


TABLE Ill 


Variation of body concentration (P*?)/blood concentration (P**) 
with time for percutaneous absorption of vapor in rabbits 














Time of Area of ‘ i 32 
Number of exposure exposure Body concentration® of P 
animal (min) (cm?) Blood concentration of P* Fate of animal 
25 | 79.0 0.22 Killed immediately 
26 5 76.2 0.74 Killed immediately 
29 5 76.2 0.17 Killed immediately 
30 5 76.2 0.84 Killed after 30 minutes 
31 5 76.2 1.06 Killed after 30 minutes 
115 5 78.0 0.32 Killed immediately 
116 5 78.0 0.29 Killed immediately 
122 5 78.0 0.87 Killed immediately 
123 5 78.0 0.23 Killed immediately 
27 10 76.2 0.30 Killed immediately 
28 10 76.2 0.35 Killed immediately 
32 10 76.2 1.07 Killed after 30 minutes 
33 10 76.2 1.35 Killed after 30 minutes 
113 10 78.0 0.28 Killed immediately 
114 10 78.0 0.19 Killed immediately 
124 10 78.0 0.20 Killed after 5-7 minutes 
125 10 78.0 0.34 Killed after 15 minutes 
126 10 78.0 0.33 Killed after 30 minutes 
127 10 78.0 0.35 Died after 15 minutes 
34 20 76.2 0.17 Killed immediately 
35 20 76.2 0.20 Killed immediately 
46 20 76.2 0.53 Killed immediately 
50 20 76.2 0.15 Killed immediately 
51 20 76.2 0.30 Killed immediately 
52 20 76.2 0.39 Killed immediately 
55 20 78.0 0.32 Killed immediately 
24 23.3 79.0 0.42 Exposed to death 
23 32 79.0 0.33 Exposed to death 
140 34 78.0 0.71 Exposed to death 
143 94 78.0 0.44 Exposed to death 
22 101 79.0 0.91 Exposed to death 
120 5 12.6 0.30 Killed immediately 
121 5 12.6 0.43 Killed immediately 
109 10 12.6 0.32 Killed immediately 
110 10 12.6 0.71 Killed immediately 
36 20 12.6 0.24 Killed immediately 
37 20 12.6 0.22 Killed immediately 
129 49.5 12.6 0.34 Exposed to death 
128 80 12.6 0.39 Died during exposure 
141 124 12.6 0.83 Died during exposure 
147 343 12.6 1.13 Killed at 343 minutes 
107 10 4.15 0.91 Killed immediately 
108 10 4.15 1.46 Killed immediately 
38 20 4.15 0.13 Killed immediately 
39 20 4.15 0.51 Killed immediately 
131 241 4.15 0.96 Exposed to death 
130 297 4.15 0.46 Exposed to death 
132 323 4.15 0.48 Exposed to death 
133 365 4.15 0.60 Exposed to death 
134 375 4.15 0.57 Exposed to death 
136 424 4.15 0.81 Died during exposure 
135 504 4.15 0.78 Died overnight 
144 651 4.15 0.42 Died during exposure 





total intake in ug of P5? 


* n tion of P3? = 7 ~ - 
Body concentratio weight of animal in kg 
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concentration ratio of 0.39 and those dying at times greater than 100 minutes 


(11) had an average body/blood concentration ratio of 0.72. 

We can conclude from the above that the body concentration / blood 
concentration ratio increases with time after exposure but the picture is 
complicated by the relatively long times of exposure as opposed to injection. 
For instance, nine animals which had a 5-minute exposure and were killed 
immediately afterwards had an average body/blood concentration ratio of 
0.40 (variation 0.17—0.87) and eight animals with an exposure of 10 minutes 
and killed directly afterwards had an average ratio of 0.58 (variation 0.19-1.46). 

Further if we confine ourselves to the large cup we find for the 10-minute 
exposures an average ratio of 0.26, for the medium cup 0.52, and for the small 
cup 1.18 (Table III). It would seem, therefore, that cup size also may influence 
the ratio, but as the number of animals considered is small a definite conclusion 
cannot be drawn. 

Cholinesterase Inhibition 


In many of the experiments on rabbits, cholinesterase determinations were 
made and cholinesterase inhibition was recorded as percentage of drop from 
normal. Figure 2 shows that cholinesterase values for red blood cells drop 
precipitously as the P** concentration in blood increases. The dotted line is 
incorporated in the graph to illustrate the trend. It is not a calculated line. 
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Fic. 2. Drop in rabbit RBC cholinesterase with increase in blood concentration of P* 
after treatment with sarin P*?. 


Discussion 


An outstanding feature of the P*? distribution in the body of rabbits after 
the administration of sarin P** is the high content in lungs. Other than this 
the distribution is perhaps what might be expected. The kidney concentration, 
though higher than the average for the rest of the body, is only about 10 times 
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the ‘‘total tissue’’ figure. The decline of P** concentration in blood, liver, and 
residual tissue is approximately exponential with time; however, the fall of the 
body/blood concentration ratio for rabbits appears to be linear with time. 
Because of this, any estimate of dose based on blood P*? content must be de- 
pendent on the length of time which elapses between exposure and blood 
sampling. 

When P* is used as a tracer in sarin, cholinesterase values drop rapidly as 
the P*? concentration in blood increases. If this method were used to assess 
effects in man, very low counting rates would have to suffice unless the specific 
activity were increased beyond that used in the present experiments. However, 
the radiation hazard of the P** would have to be considered under these cir- 
cumstances. 
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BIOCHEMISTRY OF THE USTILAGINALES 
XIV. BIOASSIMILATION OF L-ERYTHRULOSE INTO 
4-O-3-D-MANNOPYRANOSYL-D-ERYTHRITOL' 


P. A. J. Gorin, R. H. Haskins, ann J. F. T. SPENCER 
Abstract 


L-Erythrulose-1-C'™ and -4-C™ were used as precursors in the biosynthesis of 
4-0-8-D-mannopyranosyl-D-erythritol. The ketose was utilized efficiently and 
the C distribution pattern in the product indicated that the 4-carbon fragment 
was transferred intact to C-3, C-4, C-5, and C-6 of the mannose moiety and was 
also reduced intact to the erythritol portion. 

A method for the degradation of D-mannose for determination of the C* distri- 
bution in the molecule is described. 


Introduction 


A previous publication in this series (1) described experiments on the bio- 
synthesis of 4-O-8-D-mannopyranosyl-D-erythritol* in aerobic submerged 
cultures of corn smut (Ustilago maydis PRL 627). This metabolite occurs as 
an ester-type water-insoluble oil in young cultures and as the free sugar in 
later stages of development of the fermentation. It was observed that traces of 
D-mannitol, which was also formed, had higher specific activities than D-man- 
nose derived from the disaccharide when the four carbon sugars L-erythrulose- 
1-C™ and pD-erythrose-4-C™ were used as precursors. Also, L-erythrulose was 
shown to be incorporated efficiently into both units of the disaccharide and 
therefore a more detailed investigation of the bioassimilation of this reactive 
ketose was carried out. 


Experimental 


Preparation of C'*-Labelled Compounds 

L-Erythrulose-1-C™ was obtained by Acetobacter suboxydans oxidation (1) 
of p-erythritol-4-C™, which was prepared from D-glucose-6-C"™ (2) supplied by 
Dr. A. C. Neish of this laboratory. .L-Glucose-6-C™ was synthesized by the 
well-known method described for the corresponding D-enantiomorph (3). 


‘ L-Glucose-6-C was then degraded via L-erythritol-4-C™ to L-erythrulose-4-C"™ 


using similar procedures to those used for the conversion of D-glucose-6-C™ 
to L-erythrulose-1-C". 


Stepwise Degradation of Mannopyranosyl Erythritol-C and Other Products 

(1) Erythritol Portion 

4-O-3-p-Mannopyranosyl-D-erythritol was oxidized with aqueous sodium 
periodate and C-1 of the D-erythritol moiety isolated as formaldehyde 
dimethone (4). Erythritol formed by acid hydrolysis of the disaccharide was 

1Manuscript received April 25, 1960. 

Contribution from the National Research Council of Canada, Prairie Regional Laboratory, 
Saskatoon, Saskatchewan, Canada. 

“Issued as N.R.C. No. 5757. 

*Correction: The authors wish to point out that in Table II on p. 168 of the previous paper 
in this series (1) that the mannose moiety in 4-O-8-D-mannopyranosyl-D-erythritol derived 


from D-glucose-6-C" is labelled 80% in C-6 and 7% in C-1. The recorded values of 80% of 
total C4 in C-1 and 7% in C-6 of the mannose were included by mistake, and are incorrect. 


Can, J. Biochem, Physiol, Vol. 38 (1960) 
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isolated by cellulose chromatography (5) and oxidized with periodate to give 
C-1+(C-4 as formaldehyde dimethone, C-4 thus being obtained by difference. 


(11) Mannose Portion 

C-6 was isolated as formaldehyde dimethone by periodate oxidation of 
mannose, and C-1 plus C-6 was obtained in a similar manner from D-mannitol 
derived by sodium borohydride reduction (6). 

Degradation of mannose by lead tetraacetate oxidation (7, 8) furnished 
further information on its labelling pattern. The procedure was as follows: 
Mannose (90 mg, 0.5 mmole) was dissolved in water (0.3 cc) to which acetic 
acid (10cc) was then added. Lead tetraacetate (2.5 molar equivalents; 
1.25 mmoles) in acetic acid (50 cc) was added and the solution allowed to stand 
until it gave a negative reaction with starch — potassium iodide paper. Then 
oxalic acid dihydrate (157 mg; 1.25 mmoles) in acetic acid (10 cc) was intro- 
duced, the resulting precipitate filtered off, and the filtrate evaporated to a 
syrup. This residue, which contained a mixture of D-glyceraldehyde and 
D-erythrose formate esters, was hydrolyzed at 40° C in aqueous solution 
(10 cc) overnight. Formic acid was removed by repeated evaporation of the 
water and the resulting free sugars were reduced with sodium borohydride 
(100 mg) in water (10 cc). After an hour, excess reductant was destroyed with 
acetic acid, and Amberlite IR 120 added, with shaking, to remove cations. 
The solution was filtered and evaporated to a crust which was dissolved in 
methanol, which was then evaporated; this process was repeated three times 
to remove boric acid as trimethyl borate. Paper chromatographic examination 
(solvent: n-butanol—ethanol—water (40:11:19 v/v), spray: ammoniacal silver 
nitrate (9)) showed that the product contained glycerol, erythritol, and a 
trace of arabitol. The mixture was fractionated on a cellulose column using 
n-butanol, one-quarter saturated with water as eluant. The glycerol (15 mg), 
representing C-4+C-5+C-6 of the mannose, was dissolved in pyridine (2 cc) 
containing p-nitrobenzoyl chloride (0.30 g) and kept at 80° C for 30 minutes. 
To the solution an excess of aqueous sodium bicarbonate was added and shaken 
for 30 minutes. The precipitate was collected on a filter, washed with water, 
dried, and recrystallized from ethyl acetate —- hexane to yield glycerol tri- 
p-nitrobenzoate (C-4+C-5+C-6), m.p. 199-200°C. The erythritol portion 
(18 mg; C-3+C-4+C-5+C-6) was crystallized from ethanol. Thus, from the 
specific activities of the derived glycerol tri-p-nitrobenzoate, erythritol and 
formaldehyde dimethones (C-6 and C-1+C-6) C-1, C-2, C-3, C-4+C-5 (each 
by difference), and C-6 of mannose can be estimated for C"“ content. 

(111) D-Mannitol 

p-Mannitol was isolated by crystallization from methanol and C-1 plus C-6 
were determined for activity as described for mannose. 

(iv) Glycerol 

Glycerol was isolated as its tri-p-nitrobenzoate using the benzoylation pro- 
cedure described above. 

Carbon-14 determinations were carried out by oxidation of the samples to 
carbon dioxide with van Slyke reagent and measuring the radioactivity with a 
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Nuclear Chicago Model 600 dynamic condenser electrometer incorporating an 
ion chamber. 


Results and Discussion 


The present results indicate that L-erythrulose-C™ is highly reactive and is 
incorporated into the Ustilago maydis fermentation to give mannopyranosyl 
erythritol with mannose and erythritol units of almost equal specific activity. 
The reactivity of L-erythrulose has previously been demonstrated by Horecker 
and Smyrniotis (10), who condensed it with triose phosphate in the presence 
of a spinach enzyme extract to yield pentose and heptulose phosphates. In 
the current radioactive experiments the yield of mannopyranosyl erythritol 
was 5% and it was shown that 10% of the initial C“ in the L-erythrulose was 
recovered in the disaccharide (Table 1). Examination of the hexose portion of 


TABLE I* 
Specific activities of fermentation products of Ustilago maydis PRL 627 








Precursor and specific activities of products 
in muc/mmole 








L-Erythrulose-1-C* L-Erythrulose-4-C™“ 
(medium S.A. (medium S.A. 
Product 23.9 muc/mmole) 27.8 muc/mmole) 
Mannopyranosy] erythritol 32.4 52.4 
Mannose from disaccharide 28.2 45.6 
Erythritol from disaccharide 40.9 62.9 
Free mannitol 120.8 -- 
Free erythritol 78.6 — 
Free glycerol (as p-nitrobenzoate) 2.8 — 





*Methods for culture of Ustilago maydis PRL 627 were described by Haskins, Thorn, and Boothroyd (11). The 
introduction of labelled compounds into the medium and isolation of the components formed in fermentation 
are given in Part XIII (1). Ina typical run, 50 mg of L-erythrulose-4-C'* was added to 20 g of glucose to give a 
pes ves — a specific activity of 27.8 muc/mmole to yield mannopyranosyl erythritol (1.03 g; sp. act. 52.4 
myc/mmole 


the disaccharide indicates that the L-erythrulose-1-C™ gives D-mannose-6-C" 
and L-erythrulose-4-C™ mannose labelled 42% in the C-3 position (Table II). 
It can be concluded that almost half of the L-erythrulose utilized in the mannose 
is incorporated as an intact 4-carbon fragment, thus constituting a reaction 
that cannot be readily explained by enzyme reactions known to date. Other 
ways of assimilating the L-erythrulose exist, too, as shown by the random- 
ization of activity in the mannose when L-erythrulose-4-C™ was used as 
precursor (Table II). 

Since erythritol, obtained from the disaccharide, is labelled with C™ in 
almost equal quantity as the mannose fragment, the erythrulose must be 
quickly assimilated into a hexose-forming system before it can react with a 
hydrogenase to give erythritol, as happened when pD-erythrose-4-C™ was used 
as precursor (1). The labelling of the erythritol (see Table II), however, shows 
that the reduction of L-erythrulose to erythritol is direct with no carbon to 
carbon cleavage. 

It was noted in Part XIII-(1) that the free D-mannitol formed in the fer- 
mentation had much higher specific activity than the mannose unit when 
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CHO 
| 

HO—C—H 
| 

CH.OH HO—C—H 


| | 
H—C—OH —> H—C—OH 
| | 
C=O H—C—OH 
| | 
CH:OH CH:OH 
TABLE II 


Distribution of C' in fermentation products 

















Precursor 
L-Erythrulose-1-C™ L-Erythrulose-4-C" 

Carbon atom in molecule Activity as “% of total molecule 
C-1 of mannose 13 
C-2 of mannose - 26 
C-3 of mannose ~- 42 
C-4+(C-5 of mannose -- 11 
C-6 of mannose 84 8 
C-1 of D-erythritol aia 
C-4 of p-erythritol 100 — 
C-1+C-6 of mannitol 100 - 





D-erythrose-4-C™ and L-erythrulose-1-C™ were used. This was confirmed by 
the present results, but they do not shed any more light on this apparent 
anomaly. Possible explanations would be that the D-mannitol was formed 
from an entirely different route than D-mannose or that the mannitol could be 
a precursor of D-mannose since it has a higher specific activity. Although 
D-mannitol is probably a storage product in many fungi, the latter explanation 
is invalidated since the mannose formed was almost inactive when D-erythrose- 
4-C" was introduced into the medium (1). 
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THE PROTECTIVE ACTION OF TOCOPHEROL AGAINST 
HEMOLYSIS OF RAT ERYTHROCYTES BY DIALURIC ACID! 


C. C. TsEN? AND H. B. COLLIER 


Abstract 


Erythrocytes from rats on tocopherol-deficient and tocopherol-supplemented 
diets gave similar low values for lipid peroxides by the thiobarbituric acid test. 
Treatment of the cells from tocopherol-deficient rats with dialuric acid caused a 
marked increase in lipid peroxides and this closely paralleled the degree of 
hemolysis. Shaking of the red cells from tocopherol-deficient animals in an 
atmosphere of oxygen also resulted in a slow lipid peroxidation which again 
paralleled the degree of hemolysis. Addition of a-tocopherol to a suspension of 
erythrocytes from tocopherol-deficient rats decreased or completely prevented 
(depending upon concentration) hemolysis by dialuric acid and also decreased 
lipid peroxide formation. 

It is concluded that dialuric acid probably acts by catalyzing the formation of 
lipid peroxides in the unsaturated lipids of the membrane of erythrocytes from 
tocopherol-deficient animals. Tocopherol presumably inhibits peroxide forma- 
tion, and therefore hemolysis, by virtue of its antioxidant action. 


Introduction 


The effects of tocopherol deficiency vary according to the species, age, and 
diet of the animal, and these effects have suggested certain physiological 
functions of the vitamin. One of these functions is believed to be related to 
the maintenance of the structure of the erythrocyte. Gyérgy and Rose found 
that the erythrocytes of tocopherol-deficient rats could be hemolyzed by 
dialuric acid or by hydrogen peroxide, and that a-tocopherol could afford 
protection against this hemolysis, in vitro as well as in vivo (1-3). The pos- 
sibility of applying this hemolysis method for the bio-assay of tocopherol was 
also described by them (4). Friedman et al. (5) later refined this method so 
as to increase its sensitivity and precision for bio-assay purposes. 

Henrik Dam and his associates (6) reported that the addition of small 
amounts of methylene blue to the diet of tocopherol-deficient rats could 
afford marked but incomplete protection against hemolysis by dialuric acid 
in vitro. They also observed spontaneous hemolysis in the presence of oxygen 
but in the absence of dialuric acid or other autoxidizable compound. 

Hove (7) suggested that the pathological manifestations in tocopherol 
deficiency might result from the formation of lipid peroxides and their action 
on sulphydryl-sensitive enzyme systems. Horwitt and co-workers (8) applied 
the 2-thiobarbituric acid color test for lipid peroxides to the stromata of human 
erythrocytes. They found that, on treatment of the stromata with hydrogen 
peroxide, those from individuals on the tocopherol-deficient diet gave a much 
higher level of lipid peroxides than did those from normal people. Treatment 

1Manuscript received March 28, 1960. 
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of the red cells from tocopherol-deficient animals with tocopherol in vitro 
markedly reduced the intensity of the color in the thiobarbituric acid reaction. 

Nitowsky and Tilden (9) studied tocopherol deficiency in infants and 
children. As various antioxidants, including tocopherol, inhibited both 
hemolysis and lipoxidase activity, they suggested that tocopherol may play a 
role in maintenance of the integrity of the erythrocyte. 

These investigations have established the fact that a-tocopherol has a 
protective action against hemolysis of erythrocytes by dialuric acid or hyd- 
rogen peroxide. However, the actual reaction mechanisms have remained 
obscure. The present study was carried out to elucidate the mode of action 
of dialuric acid upon the red cells from tocopherol-deficient animals, with 
particular reference to the possible formation of lipid peroxides, and the 
mechanism of the protective effect of tocopherol. 


Materials and Methods 


The tocopherol-deficient diet was prepared according to the formula of 
Rose and Gyérgy (3) with some modifications, and had the following com- 
position, expressed as parts by weight: 


Vitamin-free casein 20 
Sucrose 66 
Lard 8 
Cod-liver oil 2 


Salt mixture (McCollum’s 
mixture No. 185 as modified 
by Dam et al. (10)) 4 

To prevent the destruction of essential fatty acids and vitamins that may 
accompany the development of rancidity, the following precautions were 
taken. 

1. Fresh stock diet was prepared every 3 to 4 days and stored in the re- 
frigerator. 

2. A vitamin-supplement mixture was prepared as follows: Stock vitamin- 
supplement solution A contained 0.38% nicotinamide, 0.25% thiamine chloride 
hydrochloride, 5% choline chloride, and 0.001% biotin, made up in 0.02 N 
acetic acid. Stock vitamin-supplement solution B consisted of 5% inositol, 
0.63% p-aminobenzoic acid, 1.2% calcium pantothenate, and 0.25% pyri- 
doxine hydrochloride, made up in 25% ethanol. 

The above solutions were dispensed in 5-ml volumes into small tubes, 
sealed, and stored in the deepfreeze. For use, one 5-ml lot of each solution 
was thawed; the two were mixed, 1 ml of 0.003% vitamin Bis was added, and 
the whole was diluted to 50 ml with water. 

3. One milliliter of this diluted vitamin mixture was added to each 100 g of 
stock diet, and this constituted the basal diet. 

The tocopherol-supplemented diet was prepared by mixing 100g of the 
basal diet with 0.2 ml of a solution of 1.25% a-tocopherol and 0.15% riboflavin 
in absolute ethanol; while the tocopherol-deficient diet was prepared by 
adding 0.2 ml of 0.15% riboflavin in ethanol to 100 g of basal diet. 
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These final diets were prepared fresh each day. 

The rats used in this study were males of the Wistar strain. Two groups of 
weanling rats were fed the tocopherol-supplemented and -deficient diets, 
respectively; after about five weeks, blood samples were collected by decapita- 
tion of the animals, with heparin as anticoagulant. 

The hematocrit value of the blood (packed erythrocyte volume) was deter- 
mined as described by Wintrobe (11). The hemolysis test with dialuric acid 
was essentially that of Friedman ef al. (5) except that the standing period at 
room temperature was 30 minutes instead of 1 hour. The final readings were 
made in a Klett-Summerson photometer with the No. 42 blue filter, and the 
degree of hemolysis was calculated by the following formula: 

Bee tee. 
Ru — R, 
where R; = the reading of the supernatant at a given time during the test; 
R, = the reading of the supernatant without addition of dialuric acid, 
or immediately after addition of the red cells to the buffer; 
R»= the maximum reading with the given concentration of red cells 
after complete hemolysis. 

In preliminary experiments from this Laboratory, Mitchell and Bide (12) 
had used 1% hydrogen peroxide as the hemolyzing agent. But on reinvestiga- 
tion we found that dialuric acid, as compared with hydrogen peroxide, gave 
much more consistent results. It also produced a considerably greater differ- 
ence, in degree of hemolysis, between erythrocytes from tocopherol-deficient 
and tocopherol-supplemented rats. 

The sample of heparinized whole blood was gently mixed with an equal 
volume of saline—phosphate buffer, pH 7.4 (5), in a centrifuge tube, and was 
centrifuged at about 500Xg for 10 minutes. The supernatant was drawn off 
as completely as possible, and 1 ml of the packed red cells was pipetted into 
5.4 ml of the saline-phosphate buffer containing 0.05% dialuric acid. After 
incubation at 37° for 1 hour, followed by 30 minutes at room temperature, 
2 ml of the cell suspension was diluted to 6.0 ml with the buffer solution. Two 
milliliters of this diluted cell suspension was pipetted into a graduated centri- 
fuge tube, and 2 ml of 10% trichloroacetic acid and 4 ml of 0.67% 2-thiobar- 
bituric acid (TBA) were added. The mixture was placed in a boiling-water 
bath for 15 minutes, cooled, and water was added to compensate for that lost 
by evaporation; it was then centrifuged, and the supernatant removed. The 
absorbancy of the supernatant was measured in a Beckman Model DU spectro- 
photometer at 530 my, with a suitable control as a blank, and the relative 
level of lipid peroxides was expressed in absorbancy units, Asso. 

The above method was used for the earlier experiments. Later, the pro- 
cedure was modified as follows: 0.2 ml of the washed red cells was mixed with 
6 ml of the buffer solution containing 0.01% dialuric acid. After the periods of 
incubation and standing, 2 ml of the suspension was used for the TBA test 
without dilution. 

For a study of the protective effect of tocopherol in vitro, the procedure was 
similar to that of Rose and Gyérgy (2, 3). An emulsion was prepared by 


% hemolysis = 
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adding 4 parts of Tween 20 to 1 part of a-tocopherol, and this emulsion was 
then diluted to the desired concentration with the saline—phosphate buffer. 
Six milliliters of tocopherol emulsion, of varying concentration, was then 
mixed with 0.2 ml of erythrocytes from tocopherol-deficient rats. The mixture 
was incubated 1 hour at 37°, centrifuged, and the supernatant fluid withdrawn 
and discarded. The red cells were suspended in 6 ml of saline—phosphate buffer 
solution containing 0.01% dialuric acid. The degree of hemolysis and of lipid 
peroxidation were then determined, after the periods of incubation and 
standing. 

All inorganic chemicals used in this study were analytical grade reagents. 
2-Thiobarbituric acid was the product of Distillation Products Industries, 
Division of Eastman Kodak Co.; dialuric acid was obtained from Bios Labor- 
atories and from L. Light and Co., Ltd.; a-tocopherol, ‘‘vitamin-free’’ casein, 
and heparin sodium salt from Nutritional Biochemicals Corp.; and Tween 20 
from the Atlas Powder Co. Lard without addition of any antioxidant was 
obtained from a local packing plant. All distilled water was passed through a 
Deeminizer before use. 


Results 


Lipid Peroxidation and Hemolysis Produced by Dialurice Acid 

Before addition of dialuric acid, the lipid peroxide levels of tocopherol- 
deficient and tocopherol-supplemented erythrocytes were not significantly 
different. Typical absorbancy readings, As30, for the two types of cells were 
0.069 and 0.064 respectively. The results in Table I indicate that dialuric 
acid caused a marked increase in the lipid peroxide level of the RBC from 
tocopherol-deficient rats, together with almost complete hemolysis; at the 
same time there was no increase in the peroxide levels in the RBC from 
tocopherol-supplemented rats, and there was negligible hemolysis.* 


TABLE I 


Lipid peroxidation in erythrocytes and hemolysis by dialuric acid 








Hematocrit 





No. of value, Lipid peroxides, Hemolysis, 
Diet rats % As30 v/ 
Tocopherol-deficient 60 . +2." 0.246+0.053* 93.:3%3.7° 
Tocopherol-supplemented 60 9.6+1.8 0.068 +0.010 2:0 23.4 





*Mean + standard deviation. 


A series of tubes was then set up, each containing 0.2 ml of washed RBC 
from tocopherol-deficient animals and 6.0 ml of the saline—phosphate buffer 
containing 0.01% dialuric acid. The tubes were incubated at 37° for varying 
periods of time, and the degree of hemolysis and lipid peroxide values were 


3In preliminary experiments in this Laboratory, Mitchell and Bide (12) noted that ery- 
throcytes from rats on a diet of Purina Laboratory Chow showed a slight degree of suscept- 
ibility to hemolysis by H2O:, especially in the summer months; animals on the experimental 
diet supplemented with a-tocopherol showed none. This observation seems to confirm the 
suggestion of other workers (2, 13) that laboratory diets for rats may be somewhat deficient 
in tocopherol. 
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determined. A typical set of results is presented in Fig. 1. It is evident that 
the rate of hemolysis, in the presence of dialuric acid, closely parallels the 
formation of lipid peroxides. 
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Fic. 1. Rates of hemolysis (@) and of lipid peroxidation (©) of RBC from tocopherol- 
deficient rats by dialuric acid. 


Lipid Peroxidation and Hemolysis under an Oxygen Atmosphere 

Christensen et al. (14) observed spontaneous hemolysis in RBC from 
tocopherol-deficient animals in the presence of oxygen; this was inhibited by 
bubbling nitrogen through the suspension. Rdaiha (15) noted hemolysis of 
human erythrocytes incubated with oxygen, and found that administration of 
tocopherol, 1 day before the blood was drawn, inhibited this hemolysis. 
Taylor (16) studied the effect of high oxygen pressure (5 atmospheres) on 
hemolysis of rat erythrocytes in vivo, and found that large doses of tocopherol 
were required for protection against hemolysis. Injection of glutathione also 
afforded some protection. 
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Fic. 2. Hemolysis and lipid peroxidation of erythrocytes by oxygen. @--- @ 


hemolysis of RBC from tocopherol-deficient rats; O © lipid peroxide levels in 
RBC from tocopherol-deficient rats; A —--- A hemolysis of RBC from tocopherol- 
supplemented rats; A A lipid peroxide levels of RBC from tocopherol-supple- 
mented rats. 








In our experiments, a series of Warburg flasks, each containing 0.4 ml of 
washed erythrocytes (from tocopherol-deficient or tocopherol-supplemented 
rats) in 3.6 ml of saline—phosphate buffer, was prepared. The flasks were in- 
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cubated at 37° under an atmosphere of pure oxygen, while shaken at 66 oscil- 
lations per minute in the Warburg respirometer. The flasks were removed at 
various time intervals and the cell suspension in each was diluted to 6.2 ml 
with the buffer. Aliquots of the diluted cell suspensions were then used for 
determination of the degree of hemolysis and of lipid peroxide formation. The 
results, as illustrated in Fig. 2, confirm the observation that incubation of 
erythrocytes from tocopherol-deficient rats in the presence of oxygen can 
cause hemolysis. Our results demonstrate that lipid peroxidation also takes 
place under these conditions. However, the rates of both hemolysis and 
peroxidation are much slower than they are in the presence of dialuric acid. 
A slight increase in hemolysis and in lipid peroxide value was also noted with 
the RBC from tocopherol-supplemented rats. 


Protective Action of Tocopherol 

Tocopherol, emulsified in the presence of Tween 20, was added to suspen- 
sions of RBC from tocopherol-deficient animals, in varying amounts. After 
the suspensions had been incubated for 1 hour at 37°, and allowed to stand at 
room temperature for 30 minutes, the hemolysis and lipid peroxide values 
were determined. The results of such an experiment are shown in Fig. 3, and 
they indicate that a-tocopherol is very effective in protecting the deficient red 
cells against hemolysis and lipid peroxidation by dialuric acid in vitro. (The 
final concentrations of Tween were too low to have any effect on the degree of 
hemolysis.) Our results confirm the finding of Rose and Gyérgy (2, 3) that 
tocopherol can protect RBC from tocopherol-deficient animals against dialuric 
acid hemolysis. 

Tocopherol exerts a very powerful protective action, as we found that 1.2 ug 
completely protected 0.2 ml of RBC from tocopherol-deficient animals against 
hemolysis and lipid peroxidation. This corresponds to 600 ug per 100 ml of 
packed RBC. It is of interest to compare this value with the blood-plasma 
levels of tocopherol found by Rose and Gyérgy (4): average concentrations of 
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Fic. 3. Protective action of a-tocopherol against lipid peroxidation (©) and hemolysis 
(@) of RBC from tocopherol-deficient rats. Tocopherol added, in ug per 0.2 ml of RBC 
suspended in 6.0 ml of buffer. 
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380 ug per 100 ml for rats on the stock ration, and 270 ug per 100 ml for animals 
on the tocopherol-deficient diet. 

It appears that the rat erythrocyte requires tocopherol for maintenance of 
its structure, and that the amount of the vitamin required is small but critical. 


Discussion 


In this study the thiobarbituric acid (TBA) test was employed for measur- 
ing the level of lipid peroxidation in red blood cells. This test has been found 
by Kenaston et al. (17) to be a reliable one for estimating the products of 
oxidation of linoleic and linolenic acids in tissues and other biological material, 
as compared with the method of Lundberg and Chipault for peroxides, the 
Kreis test for aldehydes, and the degree of conjugation of the fatty acids. By 
applying the TBA test, Tappel and Zalkin (18) found that tocopherol is 
effective, both in inhibiting lipid peroxidation and in stabilizing DPNH - 
cytochrome c reductase activity in isolated mitochondria. They also found 
a correlation between the total oxygen absorbed and the TBA reaction in 
mitochondria isolated from rat liver and from rabbit heart tissue. 

Our results suggest that the hemolysis of tocopherol-deficient rat erythro- 
cytes by dialuric acid is associated with formation of lipid peroxides. Our 
experiments with erythrocytes in an atmosphere of pure oxygen confirmed the 
observations of others (14, 15, 16) that hemolysis can take place slowly under 
these conditions. Again, the degree of hemolysis paralleled the level of lipid 
peroxides formed. 

Rose and Gyérgy (3) found that hydrogen peroxide could replace dialuric 
acid in the hemolysis test; and this reagent has been used in the clinical field 
in the diagnosis of tocopherol deficiency (8, 9). Rose and Gyérgy pointed out 
that hydrogen peroxide per se is probably not the hemolyzing agent, as dialuric 
acid exerts its hemolytic action more rapidly and at a much lower concentra- 
tion. We have confirmed this observation. When 0.1% H2O: was used instead 
of 0.01% dialuric acid under the same conditions, the average degree of 
hemolysis was only 66% instead of 98%, for red cells from five tocopherol- 
deficient rats. 

Rose and Gyérgy (2) found that other autoxidizable compounds, such as 
ascorbic acid, cysteine, and glutathione, can cause hemolysis of RBC from 
tocopherol-deficient animals. Wilbur and his associates (19) reported that 
these compounds can catalyze the peroxidation of methyl linolenate as mea- 
sured by the thiobarbituric acid test. Some properties of dialuric acid are 
similar to those of ascorbic acid, viz., the acid dissociation constants and the 
oxidation—reduction potentials. The oxidation of dialuric acid by 0-iodosoben- 
zoic acid is also similar, in some respects, to that of ascorbic acid, as reported 
by Hellerman and Caraway (20). The principal reactions are second-order, 
and both are catalyzed by copper and iron. 

From these studies, together with our present results, it seems likely that 
all these autoxidizable compounds cause hemolysis of RBC from tocopherol- 
deficient animals through their catalytic activity in promoting peroxidation of 
the unsaturated lipid portion of the cell membrane. In other words, free 
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radicals are probably formed during the initial stages of autoxidation of these 
compounds, and these free radicals then initiate peroxidation of the poly- 
unsaturated fatty acids in the cell membrane. Hove (7) and Horwitt et al. (8) 
have discussed the formation of lipid peroxides in tocopherol deficiency. 

Our results indicate clearly that the RBC from the tocopherol-deficient rat 
do not have an increased level of lipid peroxides until after treatment with an 
oxidizing agent (dialuric acid or Oz). We have no evidence, then, that the 
vitamin deficiency in itself causes any alteration in the red-cell membrane: 
presumably the cell is deficient in its natural antioxidant, tocopherol. 

Rose and Gyérgy (2) showed that tocopherol could protect the vitamin- 
deficient erythrocytes from hemolysis, both in vivo and in vitro, and this has 
been confirmed by other workers, as well as in our present experiments. 
Presumably the tocopherol is taken up by the red-cell surface, and protects the 
unsaturated fatty acids against peroxidation. 

It is of interest to note that intracellular free glutathione does not seem to 
act as an antioxidant against dialuric acid. The following paper (21) shows 
that the erythrocytes of tocopherol-deficient rats have the same level of 
glutathione as have those from the vitamin-supplemented animals. 
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THE PREPARATION AND SOME METABOLIC PROPERTIES 
OF RAT SPINAL CORD SLICES! 


A. J. HUDSON AND M. M. KInI 


Abstract 


The effect of various substrates upon the respiratory activity of cord slices 
has been investigated. Glucose was observed to support spinal cord respiration 
while fructose was not as effective a substrate as glucose. Sodium L-glutamate 
and a-ketoglutarate were poor substrates. With each substrate a higher respira- 
tory activity was observed in the lumbar than in the cervical region of the cord. 
Since white matter constitutes a considerable part of spinal cord tissue, some of 
the metabolic characteristics observed with spinal cord may have been due to the 
high proportion of neuroglial elements present in white matter. However, the 
excessive thickness of the slices (0.3-0.9 mm) may also have been a cause of the 
low Qo.’s and poor stimulating effect of potassium. 


Introduction 


The spinal cord has received comparatively little attention in biochemical 
investigations. A major difficulty is the relative inaccessibility of the cord 
compared with other tissues and the same technique as applied to the removal 
of the brain may result in either severely damaging the nervous tissue or an 
expenditure of time that is equally disadvantageous. Unless the experimental 
animal is large, the separation by slice techniques of the grey and white matter 
of the cord is very difficult. If whole cord is used then care must be taken to 
perform experiments that include corresponding spinal segments from each 
animal since the proportion of grey to white matter differs with each segment. 
Finally, it is not easy to obtain slices thin enough for metabolic studies and 
attempts to obtain several slices from a single segment, due to the soft con- 
sistency of white matter, usually damage the tissue. 

The present paper concerns the respiratory activity of rat spinal cord slices 
in the presence of certain substrates that have known effects on brain cortex 
slices under similar conditions. No attempt has been made to separate the 
grey from the white matter in sections of the spinal cord. 


Materials and Methods 


Hooded adult rats of a local inbred strain were used in the experiments. 
Immediately following a blow on the head the rats were decapitated and the 
vertebral column from the atlas to the mid-lumbar region was removed by 
dorsal resection. The vertebral column was transversely cut into four parts 
and the cord removed from each, with the exception of the most caudal portion 
containing the cauda equina, which was discarded. The cervical cord was 
removed by first resecting the vertebral spinous processes and laminae and 
then cutting the denticulate ligaments which fix the cord within the canal. 
The remaining cord segments were removed by pushing a tightly fitting probe 
through the vertebral canal. The probe, when rotated and gently forced along 

‘Manuscript received March 7, 1960. 


Contribution from the McGill— Montreal General Hospital Research Institute, 3619 
University St., Montreal, Que. 
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the canal, tears the denticulate ligaments and nerve roots with very little 
injury to the spinal cord with the result that short lengths of intact cord are 
obtained. Because of the considerable length of lumbar roots within the canal 
most of these may be cut during the transverse sectioning of the vertebral 
column following removal from the rat; thus, the cord is more easily removed 
with a probe in the lumbar than in the thoracic region. Care was taken to 
exclude the lower medulla from the cervical portion and the conus medullaris 
and the filum terminale from the lumbar region. 

Each whole piece of cord thus obtained was immediately placed on ice and 
sectioned once through the longitudinal axis with a Stadie—Riggs tissue slicer. 
During sectioning the tissue was gently pressed with the result that two flat 
pieces were obtained. The thickness of the slices ranged from 0.3-0.9 mm and 
attempts at further slicing usually severely damaged the tissue. The two 
halves were incubated together so that the results obtained reflect the activity 
of a whole region of the spinal cord. 

The tissue was suspended in a Warburg flask containing 3.0 ml of Krebs-— 
Ringer phosphate medium (pH 7.4) of the composition described by Umbreit 
et al. (1), gassed with pure oxygen for 5 minutes, and incubated at 37°C. 
Respiratory activity was studied by the conventional Warburg manometric 
procedure. 

The assay of the CO, liberated on incubation with glucose-U-C™ was car- 
ried out essentially by a modification of the procedure of Villee and Hastings 
(2). Radioactive carbon dioxide liberated during the incubation was trapped 
on filter paper saturated with alkali in the center well of the Warburg vessel. 
At the termination of incubation, 0.3 ml of 30% trichloroacetic acid was tipped 
into the main compartment of the flasks to stop all enzymatic activity and 
liberate any bound carbon dioxide. The flasks were incubated for an additional 
30 minutes to ensure equilibration. The vessels were then detached from the 
manometers and the rolls of filter paper were carefully transferred to centrifuge 
tubes containing 1.0 ml of 1.34% sodium carbonate solution (1.0 ml of which 
is equivalent to 25 mg BaCO;). The center wells were washed four times with 
distilled water and the washings were transferred quantitatively to the cor- 
responding centrifuge tubes, which were then stirred, stoppered, and allowed 
to stand overnight. The filter papers were removed, washed three times with 
distilled water, and the washings added to the respective centrifuge tubes. 
Two drops of 2 M NH,CI and 0.5 ml of saturated BaCl. were then added to 
each tube. The precipitated BaCO; was spun down, washed twice with distilled 
water, once with acetone, and finally suspended in 1.5 ml of acetone. Approx- 
imately 1 milliliter of the suspension was plated on tared aluminum planchets, 
dried under infrared lamps, weighed, and counted. Gravimetric experiments 
showed that the average amount of BaCOs; derived from the carrier sodium 
carbonate solution and the center well carbon dioxide was 28 mg. This figure 
was used to calculate the total C“O, liberated during the oxidation of glucose- 
U-C™, All activities were corrected for background and due allowance was 
made for self-absorption of BaCQOs by using the self-absorption curve described 
by Calvin et al. (3). 
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Results 


Preliminary results showed that the respiratory activity of the spinal cord 
is not the same in all regions but higher in the lumbar than in the cervical 
region; for example, the Qo, of slices incubated with 10 mmolar glucose is 
6.1 for the lumbar and 5.1 for the cervical region. The respiration of the cord 
in the lumbar regions increases towards the caudal end of the conus medullaris. 
This regional difference is essentially the same with other substrates. The 
respiratory activity of lumbar cord slices without substrate and with the 
addition of glucose, fructose, sodium L-glutamate, or a-ketoglutarate is shown 
in Table |. The respiratory activity of the cord slices is only slightly greater 


TABLE I 


Effect of various substrates on the respiration 
of rat lumbar spinal cord slices 











Substrate Qo: 
Nil 2.5+0.135 (12) 
Glucose, 10 mmolar 6.1+0.68 (4) 
Fructose, 10 mmolar 5.0+0.19 (4) 
Sodium L-glutamate. 10 mmolar 3.5+0.32 (6) 
Sodium a-ketoglutarate, 10 mmolar 3.5+0.20 (9) 





Note: Aerobic incubation in 3.0 ml (final volume) of Krebs-Ringer 
phosphate medium, pH 7.4 at 37° C. 

The mean values are quoted with standard errors and the number of 
experiments are shown in parentheses. 


with sodium L-glutamate or a-ketoglutarate than in the absence of added 
substrate. Respiration of slices in the presence of added glucose is greater 
than with fructose although the latter is a moderately effective substrate. 
When spinal cord slices are incubated in the presence of potassium ions at a 
concentration of 105 megq/l. (control 5 meq/I.) there is approximately a 20% 
stimulation in the production of C“O, from glucose-U-C™ (Table II). 


TABLE II 


Effect of potassium ions on the oxidation of 
glucose-U-C* by rat lumbar spinal cord slices 
(Glucose-U-C™, 10° counts/minute) 








C¥O,, 
counts/minute mg dry wt. 
of tissue 





Substrate 


5 meq/I. Kt 


105 meq/l. K* 





Glucose-U- 


C™, 10 mmolar 


150 +8 (4) 


190 (2) 





Note: Aerobic incubation for 2 hours i in 3.0 ml (final volume) of Krebs— 
Ringer phosphate medium, pH 7.4 at 37° C. 


Discussion 


Van Harrevald and Tyler (4) observed a higher respiratory activity in the 
caudal region of the cord when segments distal to L5 were compared. In the 


present investigation the highest respiratory activity was observed in the 
most caudal segments of the lumbar cord and when a comparison was made 
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with cervical and lumbar cord, a higher value was obtained for the lumbar 
region. This may be due to a proportionately greater amount of grey to white 
matter in the caudal region. 

The respiratory activity of spinal cord slices incubated with 10 mmolar 
glucose is only a half, or less, of the activity observed with cerebral cortex. 
Although a part of the respiratory activity is due to the neurons of the grey 
matter, spinal cord is largely composed of white matter and the metabolic 
properties of the cord will probably be determined to a considerable degree by 
the cells in this portion of nervous tissue. The oxygen consumption of white 
matter is low (Qo, 2.2-2.7 (5)) compared with cerebral cortex and most of 
the respiratory activity has been attributed to glial cells, especially the oligo- 
dendroglia that constitute a large portion of the cells of white matter (6). 
Axons are considered to have a low oxygen uptake similar to peripheral nerve 
(5) and probably contribute little to the total metabolism of spinal cord. The 
metabolic properties of spinal cord grey matter are unknown; it is likely that 
similar characteristics would be found with the neurons of the cord and 
cerebral cortex. 

The excessive thickness of the cord slices (0.3-0.9 mm) in the present study 
may also be a cause of the low Qo,’s and poor stimulating effect of potassium. 
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PURIFICATION AND PROPERTIES OF A PROTEASE 
FROM PENICILLIUM CYANEO-FULVUM! 


KARTAR SINGH? AND S. M. MARTIN 


Abstract 


A proteolytic enzyme present in culture filtrates of Penicillium cyaneo-fuluum 
was purified approximately 100-fold. In the ultracentrifuge the enzyme behaved 
as a homogeneous protein, but on electrophoresis some contamination was 
apparent. The molecular weight of the enzyme was estimated to be about 45,000. 

The protease hydrolyzed casein and denatured haemoglobin, gelatin, and 
native bovine plasma albumin but not native or denatured ovalbumin. It also 
coagulated milk. The optimum pH for caseolysis was 9.5 to 11.0. Metal chelating- 
and sulphydryl-reagents did not affect enzyme activity but zinc and mercurous 
ions inhibited the enzyme, the inhibition being reversed with ethylenediamine- 
tetraacetic acid (EDTA). Soybean trypsin inhibitor was without effect on the 
enzyme whereas ovomucoid inhibited the enzyme. Although it is similar in some 
respects to other alkaline proteases, the P. cyaneo-fuluum enzyme does not appear 
to be identical with any one of them. 


Introduction 


Murray, Denton, Stevenson, and Diena (1) described a factor (‘noxiversin’) 
in culture filtrates of Penicillium cyaneo-fuluum which inactivated a variety 
of bacterial toxins and which converted staphylococcal alpha toxin into an 
immunizing toxoid. The active component was partially purified and was 
shown to be distinct from the antibiotic produced by the mold. Rose and 
Martin (2) investigated this toxin-inactivating substance and concluded that 
its detoxifying action was due to its proteolytic activity. The present paper 
reports the purification and some of the properties of a protease excreted by 
P. cyaneo-fulvum. 


Materials and Methods 


Casein (Hammersten quality), haemoglobin (denatured), crystalline trypsin, 
and crystalline chymotrypsin were obtained from Nutritional Biochemicals 
Corp.; crystalline ovalbumin from Mann Research Laboratories; crystalline 
bovine plasma albumin from Armour Laboratories; crystalline soybean trypsin 
inhibitor and ovomucoid from Worthington Biochemical Corp.; EDTA® from 
Bersworth Chemical Co.; DFP from Aldrich Chemical Co.; and tris from 
Sigma Chemical Co. Phenol reagent (Folin—Ciocalteu), obtained from Fisher 
Scientific Co., was diluted with 2 volumes of water before use. 

Ultracentrifuge studies were made in a Spinco Model E ultracentrifuge; 
electrophoresis studies in a Perkin-Elmer Model 38 Tiselius apparatus; and 
absorption spectra in a Cary Model 11M recording spectrophotometer. 
Optical density at 260 and 280 mp was determined in a Beckman DU spectro- 


1Manuscript received April 8, 1960. 
6 on from the Division of Applied Biology, National Research Council, Ottawa, 
anada. 
Issued as N.R.C. No. 5751. 
2N.R.C. Postdoctorate Fellow, 1958-1960. 
’Abbreviations used: DFP, diisopropylfluorophosphate; EDTA, ethylenediaminetetraacetic 
acid, disodium salt; TCA, trichloracetic acid; tris, tris(hydroxymethyl)aminomethane. 
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photometer while readings at 660 my were made in a Coleman Junior spectro- 
photometer. 

Protein concentration was usually determined spectrophotometrically 
according to Warburg and Christian (3) using the formula suggested by 
Kalckar (4). The protein contents of purified dialyzed preparations of P. 
cyaneo-fuluum protease as determined by this method were found to be in 
good agreement with the protein contents as calculated from Kjeldahl-nitrogen 
determinations. 

Hydrolysis of casein was usually used as the measure of protease activity. 
Details of the assay procedure were as follows: 1 ml of a 1% casein solution, 
prepared in 0.1 M phosphate buffer, pH 7.8, was incubated with a suitable 
amount of enzyme in a final volume of 2 ml, at 37° C. After 20 minutes’ in- 
cubation the reaction was stopped by the addition of 3 ml of 5% solution of 
trichloracetic acid. After 1 hour the mixture was filtered and the concentration 
of split products (calculated as tyrosine) in the filtrate was determined by 
measuring the color formed with phenol reagent (5) or by measuring the 
optical density at 280 my (6). In the colorimetric procedure, suitable aliquots 
of the filtrate (usually 1 ml) were made to 2 ml with water and 4 ml of 0.05 NV 
NaOH was added. This was followed by the addition of 1.2 ml of diluted 
phenol reagent. The optical density was then measured at 660 my and the 
absorption readings corrected for the value of the blank. Blanks, wherein the 
enzyme was treated with trichloracetic acid before the addition of substrate, 
were run for each assay. 

One unit of protease was defined as the amount of enzyme which liberated 
1 milliequivalent (181 mg) of tyrosine per minute under the specified con- 
ditions. Specific activity was expressed as units per milligram of protein. 

Conditions for the hydrolysis of plasma albumin and ovalbumin were the 
same as those described for casein. Gelatin hydrolysis was measured using a 
modified ninhydrin reagent (7). Degradation of haemoglobin was measured 
by a modification of Anson’s method (5) as follows: 3 ml of haemoglobin 
solution at pH 7.5 (5) was incubated for 10 minutes with suitable amounts of 
enzyme in a total volume of 6 ml. The reaction was stopped by the addition 
of 5 ml of 10% trichloracetic acid solution. After 1 hour the mixture was 
filtered and a 2-ml aliquot of the filtrate was taken for color development with 
phenol reagent as described for casein. 

The strain of P. cyaneo-fulvum and its cultivation have been described by 
Rose and Martin (2). For production of the enzyme the medium contained: 
infusion from 50 g Bacto beef heart for infusion (Difco), 10 g proteose peptone 
(Difco), 10 g glucose, 2.5 g NaCl, 0.2 g KCI, and 0.1 g CaCle per liter and was 
adjusted to pH 7.0 with 0.1 N NaOH. Portions of the medium (350 ml) were 
dispensed into 2-liter fernbach flasks, autoclaved at 15 p.s.i. for 10 minutes, 
and inoculated with a suspension of spores of P. cyaneo-fuluum. After incuba- 
tion without shaking at 28° C for 7 to 8 days, the culture had a pH of 8.2 to 
8.5 and maximum protease activity. 
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Experimental and Results 
Purification 

The culture filtrate from 24 flasks (7.5 liters) was concentrated in vacuo in a 
‘‘Majonnier Lo-Temperature Evaporator” to 4 to 14 of its volume. The dark, 
slightly turbid solution was then mixed with 40 g of “Celite’’ and filtered. 
Culture filtrates were stored at —40° C until processed. During the purifica- 
tion procedure the temperature was maintained at 0 to 5° C except during 
alcohol precipitation and fractionation when the temperature was at —10 to 
—15°C. 

The concentrate (2200 ml) was treated with 220 ml of 10% copper sulphate 
solution (1) and the precipitate was removed by centrifugation and discarded. 
To the supernatant was added 1380 g of ammonium sulphate, the precipitate 
was collected by centrifugation, and washed several times with a saturated 
solution of ammonium sulphate. The washed precipitate was then dissolved 
in 1 liter of 0.02 4 EDTA and was reprecipitated by the addition of 600 g of 
ammonium sulphate. The precipitate, collected by filtration, was washed with 
saturated ammonium sulphate solution until the washings showed very little 
color. The precipitate was dissolved in 400 ml of 0.01 M@ EDTA (fraction I). 

Three volumes of ethanol at —15° C was added to the well-stirred solution 
of the enzyme. The precipitate was dissolved in 200 ml of water and then 
dialyzed for 16 to 18 hours against three changes of distilled water (fraction II, 
volume = 230 ml). 

To fraction II, 25 ml of 0.1 M phosphate buffer, pH 5.9, was added, fol- 
lowed by the addition of 255 ml of ethanol (1 volume). The dark-colored 
precipitate, which contained only a small percentage of the total protease 
activity, was discarded. A further 130 ml of ethanol (1.5 volumes) was added 
to the supernatant. The light yellow precipitate, collected by centrifugation, 
was dissolved in water and dialyzed 16 to 18 hours against three changes of 
water (fraction III, volume 52 ml). 

Fraction III was brought to 0.8 saturation with ammonium sulphate. The 
resulting precipitate was dissolved in 20 ml of water and saturated ammonium 
sulphate solution was added to bring the saturation to 0.59. The precipitate 
was discarded and the supernatant was brought to 0.72 saturation by the 
further addition of ammonium sulphate solution. The precipitate obtained 
between 0.59 and 0.72 saturation was dissolved in a small volume of water 
(fraction IV). Fraction IV had the maximum specific activity (Table I) and 
was used throughout the studies reported below. Two other batches of enzyme 
were purified according to this procedure with similar results. 


Physico-chemical Properties 

In the ultracentrifuge the enzyme preparation showed a single symmetrical 
boundary at pH 5.5 and 8.6 (Fig. 1). At pH 5.5 (acetate buffer, 4=0.09, ca. 
0.80% protein) the sedimentation coefficient was s2o,w= 2.90.4 The sedimenta- 
tion coefficient varied only slightly with changing protein concentration. 


‘For correction of sot. to standard conditions, a value of 0.73 was assumed for the partial 
specific volume of the protein. 
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TABLE I 
Purification of P. cyaneo-fuluum protease 








Volume, Total activity, Total protein, Specific activity, 





Fraction ml units mg units/mg protein 
Culture filtrate 7,500 863 x 10-3 ae — 
Concentrate 2,200 726 22 ,880 0.32 x10 
(N H4)2SO, 400 456 9,680 0.47 
(Fraction I) 

Alcohol 3 volumes 230 402 791 + a | 
(fraction II) 

Alcohol 1.5 volumes 53 223 111 20.0 
(fraction III) 

(NH,4)2SO, 0.59-0.72 8.4 206 63 a2.7 


(Fraction IV) 











Fic. 1. Ultracentrifugation of P. cyaneo-fulvum protease. 
A. About 0.8% protein in acetate buffer, pH 5.5, » = 0.09; _ 780 r.p.m. in 
synthetic boundary cell, 8-minute interv als between exposure 
B. About 1.0% protein in barbiturate buffer, pH 8.6, u = 0. 10; 59,780 r.p.m. 
in standard cell, 46- minute intervals between exposures except last, which is 
24 minutes. 


Using Archibald’s method (8) as modified by Smith (9), the molecular weight 
was calculated to be about 45,000. 

The enzyme preparation was subjected to electrophoresis under a variety of 
conditions. Electrophoresis in acetate buffer, pH 4.5, showed a single major 
component migrating toward the anode (Fig. 2,B). The minor peak running 
just ahead of the main peak suggested a slight degree of contamination. At 
pH 5.5 (acetate buffer) a slight asymmetry of the main peak was observed after 
150 minutes (Fig. 2,C) which became more prominent in phosphate buffer at 
pH 6.0 (Fig. 2,D). In barbiturate buffer, pH 8.6, two peaks were evident 
(Fig. 2,E). When glycine buffer, pH 3.0 was used, two major components 
were at once observed, one migrating toward the cathode and the other 
migrating very slowly toward the anode (Fig. 2,A). After 60 minutes’ electro- 
phoresis there was evidence of splitting of the positively charged component. 
(When an aliquot of this dialyzed sample was assayed it was found to be devoid 
of caseolytic activity.) 
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Fic. 2. Electrophoresis of P. cyaneo-fuluum protease. 
A. Glycine buffer, pH 3.0, 1 = 0.10; 100 v, 42 and 62 minutes. 
B. Acetate buffer, pH 4.5, 1 = 0.10; 100 v, 70 and 180 minutes. 
C. Acetate buffer, pH 5.5, 1 = 0.10; 100 v, 60 and 150 minutes. 
D. Phosphate buffer, pH 6.0, 1 = 0.10; 150 v, 45 and 90 minutes. 
E. Barbiturate buffer, pH 8.6, 1 = 0.10; 100 v, 60 and 110 minutes. 


ht The enzyme preparation showed an absorption spectrum characteristic of a 
protein (Fig. 3). A 0.58% solution of the enzyme (concentration calculated 

of from the Kjeldahl-nitrogen of a dialyzed sample) gave E {2,=9.3 at 280 mp 

pe and the 280/260 ratio was 1.6. 

vo Biochemical Properties 

cae Solutions of the P. cyaneo-fuluum enzyme had a faint yellow color. Traces 

at of carbohydrate were indicated by a faintly positive Molisch test although 

at the anthrone test was negative. Phosphorus could not be detected. The 

“_ protease digested casein and denatured haemoglobin, gelatin, insulin, and 

eae native bovine serum albumin but not native and denatured ovalbumin, and it 

ome also coagulated milk. 

nt. Hydrolysis of Casein 

oid The principal substrate used for measuring enzyme activity was casein 


although other substrates were used in some trials. 
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Fic. 4. Effect of pH on proteolysis. 


Casein as substrate: 10m 


Ultraviolet absorption spectrum of P. cyaneo-fulvum protease; 0.058% protein 


casein and 12.5 ug 


enzyme in a reaction volume of 2 ml. X, phosphate buffer; A, tris—HC] buffer; O, glycine- 
NaOH buffer. Haemoglobin as substrate: 60 mg haemoglobin and 6 ug enzyme ina reaction 


volume of 6 ml, @. 
Fic. 5. 
Fic. 6. 


Time course of casein digestion. Conditions as described in text. 
Effect of casein concentration on proteolytic activity. Varying amounts of 


casein and 10 yg enzyme in a 2-ml reaction volume used in routine assay procedure. 


Fic. 7. Stability of P. cyaneo-fuluum 
for 2 hours at 25° C (X) or 24 hours at 5 


P 


determined at pH 7.8 using casein as substrate. 


Fic. 8. 


rotease. Aliquots of enzyme (12 ug) incubated 
C (O) at various pH levels. Residual activity 


Inactivation of P. cyaneo-fuluum protease at various temperatures. Aliquots 


(12 wg) of enzyme in 0.1 M phosphate buffer, pH 7.8, were heated for 10 minutes at the 
temperatures indicated. Activity compared with that of unheated control. 
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To determine the effect of pH on proteolysis, casein solutions adjusted to 
different pH levels were incubated with the protease in stoppered vials under 
an atmosphere of nitrogen. Degradation of casein was followed by the routine 
assay procedure. The results (Fig. 4) indicated a maximum activity within 
the range pH 9.5 to 11.0. To be consistent with earlier work and to avoid the 
possibility of autodigestion of the enzyme (cf. trypsin (10) ), assays were run, 
except where noted, at pH 7.8 although, at this pH, activity was only about 
80% maximal. 

The time course of casein digestion by the protease was determined as 
follows: 10 ml of 1% casein, pH 7.8, 9 ml of phosphate buffer (0.1 M, pH 7.8), 
and 1 ml of enzyme solution (30 wg protein) were incubated at 37° C. At 
intervals, 2-ml aliquots were removed and assayed. The results (Fig. 5) 
showed a linear relationship between the concentration of split products and 
the time of incubation up to about 2} hours. At this time the color formed 
with the phenol reagent corresponded to about 1.6X10-* meq of tyrosine 
formed in the total reaction mixture. 

The effect of concentration of casein on the activity of the mold protease is 
indicated in Fig. 6. Hydrolysis was maximal within the range 2.5 to 5.0 mg 
casein per ml of reaction mixture. Above this range there was a marked 
decrease in activity. 

Solutions of the protease could be stored in the frozen state for several 
months without loss in activity. Dialysis overnight at 5° C against acetate, 
phosphate, tris, or veronal buffers at pH values from 4.5 to 8.6 or against 
distilled water did not result in significant loss of activity. However, dialysis 
against glycine buffer at pH 3.0 resulted in the complete loss of activity. 
Stability of the enzyme dissolved in buffer solutions at various pH values was 
determined by incubating the solutions either for 2 hours at 25°C or for 24 
hours at 5° C, readjusting the pH to 7.8 with phosphate buffer, and deter- 
mining the remaining activity. The results (Fig. 7) indicated that the enzyme 
was quite stable within the range pH 4.0 to 11.0. 

The enzyme is inactivated by heating at 60°C for 15 to 20 minutes. To 
determine the degree of thermal inactivation, aliquots of the enzyme in 
phosphate buffer, pH 7.8, were heated for 10 minutes at various temperatures 
and the activity determined (Fig. 8). In another experiment the enzyme 
solution was heated at 55°C for various times and the activity determined 
(Fig. 9). In both experiments unheated controls were considered to have 
100% activity. 

The effect of some inhibitors and activators on the protease was investigated. 
Cysteine (5X10-? M), EDTA (5X10-* M), iodoacetate (5X10-* M), and 
p-chloromercuribenzoate (2.5X10-? M) had no effect on casein hydrolysis by 
the protease, suggesting that the enzyme is not a metalloprotein nor does it 
require reduced sulphydryl groups for activity. Like trypsin and chymotryp- 
sin, the P. cyaneo-fuluum protease was inhibited by DFP. The effect of 
various concentrations of DFP on the activity of the mold enzyme is shown in 
Fig. 10. Soybean trypsin inhibitor (25 mg per 2 ml of reaction mixture con- 
taining 10 zg of enzyme) did not cause any inhibition, while ovomucoid at the 
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same level completely inhibited the action of the enzyme. 
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To demonstrate 


further the inhibition by ovomucoid, 10 zg of the enzyme was incubated with 
various amounts of ovomucoid at pH 7.8 for 30 minutes at room temperature 
and then the activity was determined by the routine assay procedure. The 
results (Fig. 11) indicated that about 250 ug of ovomucoid was required to 
completely inhibit 10 ug of mold protease (cf. trypsin, which is almost com- 
pletely inhibited by an equal quantity of this inhibitor (11)). 

The effect of metal ions on the hydrolysis of casein by P. cyaneo-fuluum 
protease was studied. Mixtures of the enzyme (10 yg), metal salts (2 umoles), 
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and tris buffer (20 umoles), pH 7.8, in a total volume of 1 ml were incubated 
for 15 minutes at room temperature and then assayed. In a duplicate set of 
tubes the volume of the reaction mixture was reduced by 0.02 ml and, after 
the 15-minute incubation period, 5.0 zmoles of EDTA, in 0.02 ml, was added. 
Since mixtures containing zinc ions showed a slight turbidity, probably be- 
cause of the formation of zinc hydroxide, experiments with zinc were repeated 
using succinate buffer at pH 6.0. Enzymatic activity was assayed by the 
optical method (AE 280 my), using casein solutions adjusted to the same pH 
as that of the reaction mixture under test. The results (Table I1) showed that 


TABLE II 
Inhibition of proteolytic activity by metal ions 











Metal ion EDTA 
(1X10-? M)* (2.5X10-3 M)* pH % inhibition 

Control ~ 7.6 0 
Control os 7.6 2 
Zn** - 7.6 51 
Zn*+ ~ 7.6 2 
Zn**T = 6.0 41 
Zn*+T - 6.0 3 
Hg*t* ~ 7.6 40 
Hg** ~ 7.6 3 
Cat+ - 7.6 16 
Catt + 7.6 1 
Batt _ 7.6 22 
Ba*+ aa 7.6 4 
Cott _ 7.6 21 
Cot+ 7.6 5 
Mg*+ - 7.6 0 
Mn** = 7.6 0 





*Concentration in the final 2-ml assay mixture. 
tSeparate controls run at pH 6.0. 


some divalent ions caused inhibition which was reversed by EDTA. At the 
concentrations employed, zinc and mercuric ions were moderately inhibitory; 
calcium, barium, and cobalt ions weakly inhibitory; and magnesium and 
manganese had no effect at all. 


Fic. 9. Rate of inactivation of P. cyaneo-fuluum protease at 55°. Aliquots (12 ug) of 
enzyme in 0.1 M phosphate buffer, pH 7.8, incubated at 55°C for times indicated. 
Unheated control. 

Fic. 10. Inhibition of mold protease by DFP. Aliquots (12 ug) of enzyme in 0.1 M 
phosphate buffer, pH 7.8, incubated with varying amounts of DFP (volume of incubation 
mixture, 1 ml) for 20 minutes at room temperature. Concentrations of DFP refer to the 
concentration of inhibitor in the final 2-ml reaction mixture. Controls without DFP. 

Fic. 11. Inhibition of P. cyaneo-fuluum protease by ovomucoid. Aliquots (10 ug) of 
enzyme incubated with varying amounts of ovomucoid at pH 7.8 for 30 minutes at room 
temperature. Control without inhibitor. 

Fic. 12. Effect of enzyme concentration on the hydrolysis of casein by trypsin and by 
the mold protease. Routine assay procedure employed with varying amounts of each 
enzyme. 

Fic. 13. Determination of casein hydrolysis by titration with alcoholic KOH. 
Reaction mixture contained 120 mg casein, either 100 mg trypsin or 112 mg P. cyaneo- 
fulvum protease, and 0.05 M tris buffer, pH 8.4, in a volume of 4 ml. Incubation tempera- 
ture was 30° C, 0.2-ml aliquots titrated. 

Fic. 14. Effect of enzyme concentration on hydrolysis of haemoglobin by P. cyaneo- 
fuluum protease. Assay procedure for haemoglobin as outlined in text employed with 
varying amounts of enzyme. 
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To compare the activity of the P. cyaneo-fuluum protease with that of 
trypsin, casein buffered at pH 7.8 was incubated with varying amounts of 
these two enzymes. Although a comparison of the rates of hydrolysis (Fig. 12) 
suggested that the mold enzyme was about one half as active as trypsin, 
activities were more nearly equal since the test was made at a pH near the 
optimum for trypsin but considerably removed from that of the mold enzyme. 
The linear relationship between caseolytic activity and mold enzyme con- 
centration is also shown in Fig. 12. A further comparison of activities was 
made by following the liberation of carboxyl groups during the digestion of 
casein at pH 7.8 using the titrimetric method of Smith (12). Figure 13 shows 
that in the initial stages the activities were approximately the same but on 
longer incubation more peptide bonds were split by the mold enzyme than by 
trypsin. 


Hydrolysis of Other Substrates 


Hydrolysis of haemoglobin was studied by incubating a solution of haemo- 
globin with varying amounts of enzyme. The results (Fig. 14) with this 
substrate are quite different from those obtained with casein (Fig. 12) in that 
they fail to show a linear relationship between enzyme concentration and 
amount of tyrosine liberated. ~ 

The effect of pH on the degradation of haemoglobin was determined by 
incubating, with the enzyme, solutions of haemoglobin adjusted to various 
pH levels. The solutions were adjusted to the required pH by (1) addition of 
0.1 N HCl for pH values below 4.0, (2) addition of an equal volume of 0.2 M 
citrate—phosphate buffer for pH values between 4.0 and 7.0, and (3) addition 
of 0.1 N NaOH for values above 7.0. The concentration of split products 
formed was estimated as outlined earlier. The results (Fig. 4) indicated that 
maximum hydrolysis occurred within the range pH 6.5 to 8.5, which was 
considerably below the optimum for caseolysis. 


TABLE III 


Hydrolysis of casein, haemoglobin, and 
plasma albumin by P. cyaneo-fuluum 











protease* 

Substrate Esso 
Casein 0.17 
Haemoglobin 0.11 
Plasma albumin 0.10 





*Two milliliters of reaction mixture contained 20 mg 
substrate, 10 wg enzyme, and 0.1 M phosphate buffer, 
pH 7.5. Time of incubation, 20 minutes. 


Penicillium cyaneo-fuluum protease was also active on other substrates. It 
hydrolyzed bovine plasma albumin, insulin, and gelatin and it rapidly co- 
agulated milk at pH 5.0. It was inactive on ovalbumin at pH values ranging 
from 5.0 to 10.0. A comparison of the initial rates of hydrolysis of casein, 
haemoglobin, and bovine plasma albumin by the mold enzyme is shown in 
Table IIT. 
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Discussion 
The purification procedure outlined resulted in about 100-fold purification 
of an extracellular proteolytic enzyme from culture filtrates of P. cyaneo- 


fuluum. The enzyme preparation appeared essentially homogeneous when 


examined in the ultracentrifuge at pH 5.5 and 8.6. It also appeared homo- 
geneous in free-boundary electrophoresis at a pH approaching the isoelectric 
point of the protein (pH 4.5), conditions under which one would normally 
expect to find greatest sensitivity in detecting other components. As the pH 
was shifted from the region of the isoelectric point, however, asymmetry of 
the peak became apparent and at pH 8.6 two major components were evident. 

Although the enzyme is quite stable over a wide range of pH values on the 
alkaline side of the isoelectric point, it is very sensitive to pH levels even 
slightly below the isoelectric point. The appearance of a third major com- 
ponent after dialysis at pH 3.0 would suggest cleavage of the enzyme into two 
inactive components. The stability of the enzyme over a wide range of pH 
values, as judged by proteolytic activity, would suggest that the enzyme is 
perhaps not subject to autodigestion. The possibility is not precluded, how- 
ever, that limited autolysis might result in a change in the charge density on 
the molecule without concomitant loss of proteolytic activity or gross altera- 
tion of the molecular weight. Further studies must be undertaken to resolve 
this matter. 

On the basis that the P. cyaneo-fuluum enzyme is (1) active at an alkaline 
pH, (2) is not a metalloprotein, and (3) is inactivated by DFP, it may be 
classified as being of the general trypsin-chymotrypsin type of endopep- 
tidase. As might be expected, however, it differs in many other respects from 
these enzymes. Limited attempts to determine the specific linkages hydro- 
lyzed by the enzyme, using synthetic peptides and substituted amino acids, 
has not met with success and we are unable to make a comparison in this 
regard with other proteolytic enzymes. 

The properties of the extracellular protease of P. cyaneo-fulvuum as reported 
above would suggest that the enzyme is similar in some respects to other 
extracellular mold proteases and different in others. McConnell (15) studied 
extracellular protease preparations from Alternaria tenuis, Gliocladium roseum, 
and Mortierella renispora and found them to resemble trypsin in being most 
active at a slightly alkaline pH. The protease systems from these organisms 
varied with respect to their ability to attack different proteins. Wetter (13, 
14) studied two proteases from culture filtrates of Mortierella renispora which 
he separated by zone electrophoresis. One component had a negative mobility, 
the other a positive mobility at pH 6.8. Both enzymes had pH optima for the 
hydrolysis of haemoglobin in the range pH 7.0 to 10.0 (cf. 6.5 to 8.5 for P. 
cyaneo-fuluum protease) and both were inhibited by ovomucoid. Yoshida (16) 
reported that the proteolytic enzymes of Aspergillus awamori, A. saitoi, and 
A. usamii (A. niger) have pH optima for the digestion of casein in the range 
of pH 2.5 to 3.5 and were resistant to incubation at pH 2.0 for 1 hour at 
35°C. The crystalline enzyme of A. saitoi (17) had a molecular weight of 
93,000 to 98,000 and an isoelectric point of 4.5 to 4.7 (cf. about 45,000 and pH 
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3.5 to 4.0 for P. cyaneo-fuluum protease). Despite these differences from other 
proteases, there is nothing to suggest anything really unusual which would 
give the P. cyaneo-fuluum enzyme peculiar properties of toxin-inactivation. 
This is perhaps not surprising since other proteases have been shown to in- 
activate toxins (18, 19, 20) and pepsin (20) has been shown to convert staph- 
ylococcal toxin to immunizing toxoid. 
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THE RELATIONSHIP BETWEEN THE GLUTATHIONE CONTENT 
OF RAT ERYTHROCYTES AND THEIR HEMOLYSIS 
BY VARIOUS AGENTS IN VITRO! 


C. C. TsEN? AND H. B. COLLIER 


Abstract 


Erythrocytes from rats on tocopherol-deficient diets are susceptible to hemo- 
lysis by dialuric acid or by shaking in an atmosphere of oxygen, whereas the 
erythrocytes from rats on tocopherol-supplemented diets are relatively in- 
susceptible. The erythrocytes from the tocopherol-deficient and tocopherol- 
supplemented rats initially showed identical levels of free glutathione as deter- 
mined by the alloxan ‘‘305’’ method; treatment with dialuric acid or exposure to 
oxygen reduced the glutathione levels in both groups of cells, yet in no case did the 
extent of hemolysis parallel the decrease in glutathione. 

Treatment of rat erythrocytes with selenite or iodoacetate or N-ethylmaleimide 
decreased the glutathione content of the cells to very low levels, yet there was 
little hemolysis. Silver nitrate, mercuric chloride, or p-chloromercuribenzoate, 
on the other hand, could cause complete hemolysis with little or no decrease in the 
levels of erythrocyte free glutathione. There were no significant differences 
between the erythrocytes from tocopherol-deficient and tocopherol-supple- 
mented animals in these experiments. 

It is concluded that the susceptibility to hemolysis, under our experimental 
conditions, is not related to the level of erythrocyte glutathione. The heavy- 
metal sulphydryl reagents probably cause hemolysis by a direct action upon the 
erythrocyte membrane. 


Introduction 


Results from various laboratories have indicated that glutathione may play 
a role in maintenance of the integrity of the mammalian erythrocyte. Fegler 
(1) noted a close relationship between the GSH* content of the horse eryth- 
rocyte and its susceptibility to hemolysis during procedures designed to 
oxidize GSH. Benesch and Benesch (2) found that phenylmercuric hydroxide 
and Salyrgan (a mercuriated allylamide) caused hemolysis of sheep eryth- 
rocytes. Sheets, Hamilton, DeGowin, and King (3) observed that human 
erythrocytes were hemolyzed by PCMB but not by NEM, and that the 
hemolytic activity of PCMB could be prevented by prior reaction with an SH 
compound. 

A relationship between hemolysis and a deficiency of GSH in the red cell 
has also been observed in hemolytic anemias in humans. Alving and his group 
at Chicago (4) showed that the sensitivity of some negroes to hemolysis by 
primaquine was associated with a deficiency of GSH which was, in turn, 
caused by a decreased activity of glucose-6-phosphate dehydrogenase in the 
red cells. Ingestion of a number of other drugs, and of the fava bean, has now 

1Manuscript received March 28, 1960. 

Contribution from the Department of Biochemistry, University of Alberta, Edmonton, 
Alberta, with financial assistance from the Defence Research Board of Canada (Project 
No. D-50-9350-06) and the National Research Council of Canada. A preliminary report was 
presented to the Federation of American Societies for Experimental Biology in Chicago, 
April 12, 1960 (Federation Proc. 19, 66 (1960)). 

*Postdoctorate Fellow of the National Research Council of Canada. Present address: Grain 
Research Laboratory, Winnipeg 2, Manitoba. 

3The following abbreviations are used: GSH, glutathione; SH, sulphydryl; PCMB, p-chloro- 


mercuribenzoate; IA, iodoacetate; NEM, N-ethylmaleimide; Tris, tris(hydroxymethy]l) 
aminomethane; RBC, erythrocytes. 
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been shown to produce a similar hemolytic anemia in susceptible individuals. 
(For recent reviews see Beutler (5) and Marks and Gross (6).) 

However, Beutler et al. (7) have shown that, after a rapid elimination of 
old erythrocytes during a hemolytic attack, the surviving younger cells were 
no longer susceptible to hemolysis, in spite of the fact that their GSH content 
was reduced. Szeinberg and co-workers (8) have also reported that some 
patients with a low GSH level in their red cells were not susceptible to the 
hemolytic action of fava beans. Furthermore, it was found (9) that, during 
storage of human blood for 30 days under the usual blood bank conditions, no 
hemolysis was observed in the low-GSH cells. 

It appeared, therefore, that the possible relationship between the GSH 
content and hemolysis of the erythrocyte required clarification. Especially 
because there is such striking difference between the action of PCMB and of 
NEM on the erythrocyte, a further study of the effects of SH reagents seemed 
desirable. 


Methods 


Male rats of the Wistar strain were placed on tocopherol-deficient and 
tocopherol-supplemented diets, as previously described (10). After 5 weeks 
they were killed by decapitation and the blood samples were collected with 
heparin as anticoagulant. The blood was mixed gently with an equal volume 
of saline—phosphate buffer, pH 7.4 (10), in a centrifuge tube and centrifuged 
at about 500 Xg for 10 minutes. The supernatant was drawn off as completely 
as possible, and the packed erythrocytes thus obtained were used throughout 
this study. 

The free GSH content of the erythrocytes was measured on a protein-free 
filtrate by the alloxan ‘“305’’ method of Patterson and Lazarow (11). This 
method is claimed to be highly specific for GSH; and we found it to be very 
sensitive and easy to perform. To ensure complete hemolysis before depro- 
teinization of the sample, 0.25% saponin was added before the 25% metaphos- 
phoric acid, in a ratio of 1 volume saponin to 3 volumes HPO;. The GSH 
determination was carried out as quickly as possible, to minimize autoxidation, 
and the results were expressed as mg of GSH per 100 ml of packed red cells. 

Tris buffer, 0.25 M, pH 7.4, was prepared by mixing 250 ml of 1.0 M Tris 
and 225 ml of 1 N sulphuric acid, and diluting to 1000 ml. 

All inorganic chemicals used in this study were analytical reagent grade. 
Alloxan and iodoacetic acid were obtained from Distillation Products Indus- 
tries, Division of Eastman Kodak Co.; N-ethylmaleimide and -chloromer- 
curibenzoate from the Sigma Chemical Co.; glutathione from Schwarz Labor- 
atories; dialuric acid from Bios Laboratories, and from L. Light and Company, 
Ltd.; Tris from British Drug Houses Ltd.; and heparin sodium salt from the 
Nutritional Biochemicals Corp. All distilled water was passed through a 
Deeminizer before use. 


The procedures used in the preparation of the diets and in the determination 
of percentage hemolysis were those previously described (10). 
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Results 


In the previous paper (10) the hemolytic effect of dialuric acid upon the 
erythrocytes of tocopherol-deficient rats was shown to parallel the formation of 
lipid peroxides in the erythrocytes. 

In the present investigation, the erythrocytes from tocopherol-deficient and 
tocopherol-supplemented rats were again used, and the relationship between 
the free GSH of the cells and the extent of hemolysis by various compounds 
was investigated. 


Glutathione Content of Tocopherol-deficient Erythrocytes 

In experiments that were a preliminary to the present investigation, Mitchell 
and Bide (12) found that there was no significant difference in the GSH con- 
centration of RBC from tocopherol-deficient and tocopherol-supplemented 
rats. Our results, recorded in Table I, confirm their findings. It is clear from 
these results that the susceptibility, to hemolysis by dialuric acid, of the cells 
from tocopherol-deficient animals is not related to any alteration in GSH 
concentration. 

The two groups of erythrocytes were incubated with dialuric acid for vary- 
ing lengths of time, and the percentage hemolysis and GSH concentrations 
were determined. Table II shows that (1) the RBC from the tocopherol- 
deficient and tocopherol-supplemented rats manifested the usual striking 
difference in susceptibility to hemolysis; (2) in the presence of dialuric acid, 
the free GSH was rapidly decreased in both groups of RBC to about the same 
extent. In the cells from tocopherol-deficient animals, a decrease in GSH to 


TABLE I 


Glutathione content of erythrocytes 
and hemolysis by dialuric acid 











No. of GSH, Hemolysis, 
Diet rats mg/100 ml % 
Tocopherol-deficient 18 1135 +12° = +e 
Tocopherol-supplemented 22 116+14 2.342.1 





*Mean + standard deviation. 


TABLE II 


Change in GSH content of erythrocytes 
during dialuric acid hemolysis* 

















Tocopherol-deficient Tocopherol-supplemented 
Incubation — 
period, GSH, Hemolysis, GSH, Hemolysis, 
min mg/100 ml % mg/100 ml % 
0 108 0 100 0 
5 37.4 aia 21.4 rae 
15 16.0 21 17.6 4.5 
25 11.7 29 14.0 2.2 
40 13.3 70 10.7 3.8 
60 14.7 88 14.9 Bi 
90 14.7 90 10.7 a 





*Each tube contained 0.3 ml of washed red cells and 4.5 ml of 0.02% dialuric acid in saline—phosphate buffer. 
The tubes were incubated in a water bath at 37°C. The results are averages of duplicate determinations. 
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about 11% of its initial value still resulted in no increase in susceptibility to 
hemolysis by dialuric acid. 


Autoxidation of GSH by Oxygen 

The previous paper (10) described the hemolysis that takes place on shaking 
RBC from tocopherol-deficient rats in an atmosphere of oxygen. This experi- 
ment was repeated and changes in the red-cell GSH were measured. The 
results of a typical experiment are given in Table III. It is noted that some 
autoxidation of the GSH takes place in the RBC from both the tocopherol- 
deficient and tocopherol-supplemented rats; but once again there is no cor- 
relation between the extent of hemolysis and the alteration in GSH levels. 

Taylor (13) observed that tocopherol-deficient rats exhibited hemolysis in 
vivo when exposed to abnormally high oxygen pressures. An injection of GSH 
into the animals afforded some protection, but the GSH concentrations of the 
erythrocytes were not measured. 


TABLE III 
Rates of GSH autoxidation and of hemolysis in an oxygen atmosphere* 














Tocopherol-deficient Tocopherol-supplemented 
Time, GSH, Hemolysis, GSH, Hemolysis, 
hr mg/100 ml % mg/100 ml % 
0 117 0 116 0 
2.33 102 0 109 0 
3.28 72 1.4 83 2.1 
6.10 60.3 10.6 76 .7 
8.12 30.4 17.4 41.1 ae 
10.92 12.8 53 37.2 9.7 
12.75 6.4 78 33.4 10.0 
22.08 0 91 0 14.3 





*Each Warburg flask contained 0.5 ml of washed red cells and 2.5 ml of saline-phosphate buffer. Incubation at 
37° C with oxygen as gas phase and shaking at 66 oscillations per minute. The results are averages of duplicate 
determinations. 


Oxidation of GSH Catalyzed by Selenite 

Tsen and Tappel (14) have found that selenite is an active catalyst for the 
oxidation of GSH. Rat erythrocytes were treated with sodium selenite, and 
the results in Table IV show that the intracellular GSH completely disappears 
under these conditions. But in spite of the complete absence of free GSH (as 
determined by the alloxan method) there was no appreciable hemolysis. 


TABLE IV 
Selenite oxidation of GSH and hemolysis* 














Tocopherol-deficient Tocopherol-supplemented 
Na2SeOz, GSH, Hemolysis, GSH, Hemolysis, 
M mg/100 ml % mg/100 ml % 
0 118 2.5 121 0.8 
1.231074 0 $.2 0 2.7 
6.15104 0 4.1 0 2.3 





*Each tube contained 0.3 ml of washed red cel's and 4.4 ml of saline—phosphate buffer with the selenite. The 
tubes were incubated at 37° C for 60 minutes. The results indicate averages of duplicate determinations. 








TSEN AND COLLIER: GLUTATHIONE IN ERYTHROCYTES 985 


The Effect of Various Sulphydryl Reagents on Hemolysis 

RBC from rats on the tocopherol-deficient and tocopherol-supplemented 
diets were treated with various organic and heavy-metal SH reagents, as 
indicated in Table V. In each case, the level of free GSH and the degree of 
hemolysis were determined, with the results as shown, for a representative 
experiment. 

It is interesting to note that PCMB, mercuric chloride, and silver nitrate all 
caused virtually complete hemolysis without affecting the level of free GSH 
in the cells. IA and NEM, on the other hand, caused little or no hemolysis, 
while they reduced the concentration of free GSH to very low levels. There 


TABLE V 
The effect of SH reagents on the GSH content of erythrocytes and on hemolysis* 














Tocopherol-deficient Tocopherol-supplemented 

SH Concn., GSH, Hemolysis, GSH, Hemolysis, 
reagent mM mg/100 ml % mg/100 ml % 
None (saline-phosphate) — 107 0 130 0 
None (Tris) — 138 0 135 0 
PCMB 1.50 106 100 114 100 
HgCl, 0.75 106 100 122 93 
AgNO; 1.50 104 100 106 100 
IA 1.50 0 0 0 0 
NEM 1.50 2.5 4 0 1 





*All SH reagents were dissolved in saline—phosphate buffer except AgNOs:, which was dissolved in Tris. Each 
tube contained 0.3 ml of washed red cells and 5.4 ml of buffer containing the SH reagent. The tubes were in- 
cubated at 37° C for 90 minutes. The results are averages of duplicate determinations. 


TABLE VI 


The effect of various concentrations of SH reagents on the GSH 
content of erythrocytes and on hemolysis* 











Concn., GSH, Hemolysis, 
Reagent mM mg/100 ml % 
None — 132 0 
PCMB 0.38 131 4.7 
0.75 131 16 
1.50 108 100 
3.00 98 100 
6.00 0 100 
HgCl. 0.19 120 30 
0.38 121 44 
0.75 110 98 
1.50 0 100 
3.00 0 100 
NEM 0.38 72.6 0 
0.75 43.8 3.2 
1.50 1.3 oom 
3.00 0 5.0 
6.00 0 31 
IA 0.38 20.8 4.1 
0.75 0 1.8 
1.50 0 0 
3.00 0 tA 
6.00 0 2.3 





*Experimental conditions the same as in Table V. 
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were no differences between the RBC from rats on the tocopherol-deficient and 
tocopherol-supplemented diets in these experiments. 

Varying concentrations of SH reagents were then tested, and the results of a 
typical experiment are summarized in Table VI. Except for IA, the per- 
centage hemolysis increased with concentration of the SH reagent. At suffi- 
ciently high concentration, all these reagents decrease the erythrocyte free GSH 
to zero; but again there is no correlation between the GSH level and the 
degree of hemolysis. 


Discussion 


Various methods have been employed in this study, in an attempt to throw 
further light on the suggestion that GSH may be important in maintaining 
the integrity of the red-cell structure. First, the erythrocytes from tocopherol- 
deficient rats are known to be susceptible to hemolysis in the presence of 
dialuric acid or under an oxygen atmosphere (10); yet, analysis of the GSH 
levels of the RBC from tocopherol-supplemented and tocopherol-deficient rats 
gave virtually the same values. It appears that hemolysis of the cells from 
tocopherol-deficient animals is not associated with an alteration of the GSH 
content. Second, various reactions have been used to reduce the GSH content 
of the erythrocytes: autoxidation under an oxygen atmosphere, reaction with 
dialuric acid, and treatment with selenite. All of these procedures reduced the 
GSH concentration, in some cases to such a low level that it could not be 
measured by the alloxan method. Nevertheless, the RBC from tocopherol- 
supplemented rats showed little or no hemolysis, even when the level of free 
GSH approached zero; and the degree of hemolysis of the RBC from toco- 
pherol-deficient rats was not correlated with the decrease in GSH. 

Fegler (1) measured the spontaneous hemolysis of horse erythrocytes on 
exposure to oxygen or treatment with iodine. He observed a definite cor- 
relation between the degree of hemolysis and the decrease in free GSH of the 
RBC; and there was little or no hemolysis until the GSH concentration 
decreased to about 40% of its initial value. The results of our present study 
with rat RBC show no such relationship, probably because of use of RBC 
from a different species, and differences in methods. Iodine, for example, 
might well have produced changes in the cells other than the oxidation of 
GSH. 

Finally, sulphydryl reagents were tested for their effect on hemolysis and 
on the GSH level of the RBC. It is noteworthy that, under our conditions, the 
heavy-metal reagents PCMB, mercuric chloride, and silver nitrate caused 
hemolysis, without decreasing the free GSH, while the organic compounds IA 
and NEM reacted extensively with the cellular GSH without producing 
hemolysis. These results are in essential agreement with the findings of 
Benesch and Benesch (2) and of Sheets ef a/. (3). The latter authors suggested 
that the intact cell membrane might prevent access of NEM to the SH within 
the cell, which could explain the difference in hemolytic action between 
PCMB and NEM. However, in a later paper, Sheets and Hamilton (15) 
showed that NEM is as effective as PCMB in abolishing the uptake of oxygen 
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by intact human erythrocytes. Recently, Morell, Ayers, and Greenwalt (16) 
have presented evidence, from spectrophotometric readings at 300 my, for a 
rapid and extensive reaction between NEM and the available SH groups of 
intact erythrocytes. (Their measurements presumably included reaction of 
NEM with the available SH groups of hemoglobin, while our determinations 
of free GSH were done on protein-free filtrates.) It seems clear that the lack 
of hemolytic activity by IA or NEM is not primarily a problem of membrane 
permeability to these compounds. 

The degree of hemolysis increased with increasing concentrations of PCMB 
and of mercuric chloride; but these did not begin to reduce the concentration 
of intracellular GSH until their concentration, in the suspension fluid, reached 
0.0060 or 0.0015 M, respectively. These results suggest that the hemolytic 
action of these reagents at low concentration is related to effects upon the red- 
cell membrane. 

Our results lead us to suggest that the differing hemolytic actions of the 
various sulphydryl reagents may be attributed to their effect on the stroma 
proteins, rather than upon the free intracellular GSH. The heavy-metal SH 
reagents probably cause hemolysis through disruption of the cell membrane 
structure, by combining with SH groups or other heavy-metal-binding groups 
on the cell surface. 
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A SIMPLE CAPACITOR TRANSDUCER FOR MEASURING BLOOD 
PRESSURE IN SMALL EXPERIMENTAL ANIMALS! 


GERALD F. Dowp AND MARC CREVIER? 


Abstract 


A simple capacitor transducer for measuring blood pressure in small experi- 
mental animals has been constructed. A hypodermic needle closed at its collar 
end by a brass diaphragm was used as the cell of the transducer. A thin plastic 
sheet was used as the dielectric, inserted between the diaphragm and a slightly 
convex brass rod serving as the other plate of the capacitor. The whole assembly 
constitutes a capacitor whose capacity varies inversely with the pressure as the 
space between the two plates changes. The transducer can be coupled directly to 
a conventional R.F. generator, preamplifier, and pen-writing oscillograph 
assembly. Results show that this simple transducer is very rugged and has a high 
degree of zero stability. Its sensitivity is very great, accompanied by a very small 
resolution time. Its accuracy is well demonstrated by the detailed recordings of 
the central pulse contour in normal and hydralazine-treated rats. 


Introduction 


The literature dealing with blood pressure measurement is extensive and 
has recently been listed by Clemedson et al. in the introduction of their excel- 
lent paper (1). Despite recent developments in the construction of pressure 
transducers there is still place for further improvement, especially with regard 
to simplicity and to reduction in the inertia of the liquid system filling the 
transducer. When the arterial pressure in a small animal like the rat is to be 
studied, the transducer must be constructed in such a way that it draws the 
very minimum of blood volume. If this condition is not respected, the mean 
systemic arterial pressure will be recorded but the systolic and diastolic 
variations will not be faithfully reproduced. To reach this aim, the displace- 
ment of the transducer diaphragm must be small, otherwise its oscillations 
determined by the pulse variation will draw too great a volume of liquid in 
the system, rounding off the variations and giving a rather symmetrical and 
low sinusoidal curve. 

Secondly, the diaphragm of the transducer must not fatigue or take a 
permanent set. Indeed, even if the diaphragm is not stretched beyond its 
elastic limit, still it is being worked by pulse variations. This work of the 
diaphragm amounts to a 10th of its full calibrated excursion and, in the rat, 
these excursions occur at a rate in excess of 400 beats per minute. This con- 
stitutes a considerable amount of work indeed and the diaphragm may easily 
fatigue. 

Also important is the connecting system from the rat to the transducer. Its 
total volume, which includes the catheter volume and that of the cell of the 
transducer itself, must be reduced to a minimum. Moreover, the system must 
include a bleeder so constructed that any air bubbles trapped in the system 
may be easily expelled. 

1Manuscript received April 9, 1960. 
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The voltage output of the transducer must be of the same order as that of 
the input, thereby eliminating the necessity of finely balanced bridge circuits 
and also the very critical filtering and attenuation of high frequency pulse 
components. It also permits more readily the establishment of a stable base 
line. Finally, the calibration curve of the transducer should be reasonably 
linear within the working limit and pass through the origin. 

In this communication a simple capacitor transducer is described which 
meets the above requirements. It will be shown that the pulse variations, as 
well as the mean arterial pressure in a small animal like the rat, are faithfully 
reproduced, and also that the pharmacological effects of an antihypertensive 
agent, hydralazine, can be examined. 


Methods 


Young and adult Sprague-Dawley rats from our laboratory colony have 
been used. The arterial pressure was measured by cannulating the common 
carotid artery according to the method described by Popovic and Popovic (2). 
Polyethylene tubing (P.E. 50, Clay-Adams, internal diameter 0.023 in.) was 
used. After the animal recovered from anesthesia, he was placed in a free- 
moving position and the catheter connected to the transducer. 


Construction of the Transducer 


The transducer was built according to the following specifications: The 
chrome plate around the collar of a No. 22G, 2-in. hypodermic needle was filed 
off and the bare brass was very lightly tinned with resin core solder. A small 
nick was made in the collar tip to receive a side-arm needle, using the shank 
of a second 22G hypodermic needle. The side-arm needle with a wire inserted 
was passed through the small nick in the collar of the complete needle. The 
whole assembly was soldered together, care being taken to avoid flow of solder 
over the small piece of brass shim. The wire is removed and the whole assem- 
bly constitutes a conical cell (the collar of the needle) closed by a diaphragm 
and provided with a side bleeder for the air (Fig. 1, exploded view). 

To obtain a stressed diaphragm, it must be blown out so as to produce a 
slight convexity. This is easily done by placing a length of P.E. 50 catheter 
tubing over both needles. Using a syringe, water is pushed into the conical 
cell and allowed to flow out from the side bleeder. Now the bleeder catheter 
is clamped and a firm push is given to the plunger of the syringe. The dia- 
phragm will then blow out slightly. The finished device will now respond with 
a minimum volume draw, the diaphragm moving in and out in response to 
pressure changes. 

In order to detect the small movements of the diaphragm, it was decided to 
make use of the capacity effect. A thin plastic sheet of polyethylene (Saran 
Wrap, Dow Chemicals Co.) was used as the dielectric with a constant of 4. It 
has the desirable property of adhering to one surface while the other is being 
adjusted. A brass rod (0.25 in. in diameter and 0.25 in. long, with one face 
made slightly convex) was used as the other plate of the capacitor, facing the 
blown diaphragm (Fig. 1, exploded view). 





a "FY 


~ 





DOWD AND CREVIER: CAPACITOR TRANSDUCER 991 





Fic. 1. Exploded and assembled view of the transducer. 


It was held in position by means of an adjusting screw within a plastic 
frame. The two surfaces of the capacitor were moved mechanically together 
until they just firmly held the plastic dielectric, so that the instrument was 
not too sensitive to vibration and yet not so firm that the diaphragm is pre- 
vented from moving in response to pressure changes (Fig. 1, capacitor trans- 
ducer assembled). The whole assembly constitutes a capacitor whose capacity 
will vary inversely as the distance between the plates, the latter being propor- 
tional to pressure variations. The needle connected to the rat was grounded 
to reduce the effects of interference, although this is lessened if the work is 
pursued in a well-grounded Faraday cage. 

The capacitor circuit is shown in Fig. 2. An Eico R. F. generator was used 
to supply the power to the circuit through the mutual inductance between 
coils L; and Le. Li consisted of 10 turns of No. 34 of enamelled copper wire 
wound close to the grounded end of L2. The second coil, Le, consisting of 65 
turns of the same wire, had an inductance of 100 zh. Since the transducer C2 
and coil, L2, resonate at frequency of 11.62 Mc it can be computed that the 
capacitance of the transducer circuit is 1.88 wf. When a pressure of 200 mm 
Hg is applied to the system, the capacitance of the transducer changes to 
1.97 wypef, giving a change in impedance of 350 ohms. By using the 50 pf filter, 
C3, one obtains a time constant of 0.0210-® second, thereby avoiding any 
noticeable integration on the output of the transducer. The rectified output of 
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CIRCUIT DIAGRAM 


Fic. 2. Complete wiring diagram of the transducer circuit. 


this device is developed across a resistance (Ri, 100,000 ohms). The developed 
rectified voltage at resonance was 80 mv, corresponding to approximately 
110 mv in the tuned circuit. The sensitivity of the Grass polygraph (Model 5) 
is adjusted to 5 mv per cm giving a maximum deflection of 4 cm for a pressure 
of 200 mm Hg. This results in a drop in the output from 80 to 60 mv with a 
rise in pressure of 200 mm Hg (Fig. 3). The frequency response of the mano- 
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Fic. 3. Rectified direct voltage developed by the transducer as a function of the 
applied pressure. 


meter with 20cm of PE 50 catheter attached to the needle, was determined 
by the step function technique. For all practical purposes, the band width, 
which in this case is the upper cutoff frequency, can be determined by the 
well-known formula, f,=0.35/t, ¢ being the time it takes for an applied pres- 
sure of 200 mm of Hg to fall between 90 and 10% of its original value. We 
determined ¢ in a series of tests and it has been found to be 18 msec, which 
gives a value of 20 c.p.s. for fu. A voltage of 80 mv d-c. is supplied by the Grass 
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preamplifier (Model 5P,) to balance the 80 mv developed by the circuit at 
resonance giving a zero base line. 

The transducer is connected to the rat as follows: A syringe full of previously 
boiled water (to eliminate air) is connected to the side-arm bleeder of the 
transducer. A small length of tubing fitting the shank of a 22G needle is 
slipped over the main transducer needle. Water is pushed into the transducer 
so that a drop of water appears at the end of this last attachment. The bleeder 
system is clamped and a heparin-filled in-lying catheter from the rat is con- 
nected to the transducer. Note should be taken that during the bleeding 
operation no suction should be applied to the system because the bulged 
diaphragm would be inverted and the dielectric would fall out, the system 
having then to be recalibrated. Figure 4 illustrates the finished device with its 
connections. The preparation is ready for measurement when the clamped 
catheter from the rat is opened. All the recordings illustrated here have been 
done at a chart speed of 100 mm per second (3-amp frequency (60)). 





Fic. 4. View of the transducer assembly completely wired (half size). 


Results 


The arterial pressure measurements obtained with such a transducer is well 
illustrated in Fig. 5, together with an electrocardiograph recording taken from 
lead II. One can observe the asymmetric pulse contour obtained and also the 
time sequence as compared with the ECG. To obtain a measurement of the 
mean arterial pressure, the }-amp frequency of the Grass polygraph is cut off 
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Fig.6 


Fic. 5. Simultaneous recordings of arterial pressure and ECG (lead II) in the rat. 
Time base, 50 mm =50 msec. 


Fic. 6. Effect of intravenous hydralazine (50 mg/kg) on the arterial pressure and the 
central pulse contour in the rat. Recording A, normal rat; recordings B, C, and D, 10, 20, 


and 30 minutes respectively after the injection of hydralazine. Time base, 50 mm= 
50 msec. 


at the value 0.1 and the algebraical sum of the pulse variations is immediately 
recorded. In this particular experiment, it amounted to 120 mm Hg. 

The sensitivity of the apparatus was checked by following the pharmaco- 
logical effect of a well-known antihypertensive drug, hydralazine (Apresoline, 
Ciba) injected intravenously at a dose of 50 mg/kg. The results obtained are 
shown in Fig. 6. Recording A is the curve obtained from the normal rat; B, 
C, and D are recordings taken 10, 20, and 30 minutes respectively after the 
administration of hydralazine. One can observe a great increase in pulse 
pressure together with a decrease in mean pressure. Also, it can be noted that 
the contour of the pulse curve is altered following injection of hydralazine. 
In Fig. 7 the mean pressure is plotted as a function of time in curve A; the 
concomitant increase in pulse pressure, which rises very fast in the first few 
minutes, is shown as curve B. 
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Fic. 7. Variation in the mean and pulse pressures as a function of time, following 
intravenous hydralazine (50 mg/kg). Dotted line, mean pressure; solid line, differential 
pressure. 


Discussion 


The following features of this new transducer should be noted. The ap- 
paratus is very simple, is easily constructed, and may be operated directly in 
conjunction with conventional equipment. It is rugged, and completely in- 
different to vibrations. As it operates at high frequency, it does not pick up 
the 60-cycle hum or its harmonics. Also, the output filter is fundamentally 
simple and is free of integrating effect. The transducer has great stability, the 
base line varying by no more than 2% over a 1-hour period. Smooth, free 
movements of the animal during measurement do not interfere with the re- 
cording. In this regard, the manometer compares favorably with the tail cuff 
manometer of Friedman and Freed (3) and the photoelectric tensometer of 
Kersten et al. (4). Reproducible measurements of the pressure can be obtained 
on the same animal within a reasonable period of time providing care is taken 
to flush an anticoagulant through the connecting catheter from the animal 
to the transducer. The measurement is also absolutely independent of the 
operator, which is not the case with the photoelectric tensometer, as has been 
recently reported (5). 

The delay in transmitting the pulse pressure variations is negligible. From 
Fig. 5, it can be calculated that the lag phase between the electrical ventricular 
systole and the sharp rise in systolic pressure falls between 20 and 25 msec. 
This time delay can be attributed to a biological effect and not to poor resolu- 
tion time of the mechanoelectronic system. Also, the upper frequency limit, 
20 c.p.s., is well above the cyclic variation of blood pressure. 

The wave contour of the central pulse (Fig. 6, recording A), has been con- 
sistently recorded. The primary peak is shown clearly and also the ejection 
phase with its maximum and minimum subphases. Also the rebound of the 
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column of blood on the closed valves is well illustrated in the descending limb. 
The effect of hydralazine on pulse pressure is recorded in B, C, and D of Fig. 6. 
The action of the drug, increasing the pulse pressure and decreasing the mean 
pressure, is shown in Fig. 7. In addition, it can be noted that the effect of 
hydralazine on the mean and pulse pressure with respect to time is slightly 
different. 

The negligible lag phase in transmitting pulse pressure and also its detailed 
recordings in a small animal like the rat illustrate the sensitivity and accuracy 
of the apparatus. These qualities can be attributed to the small volume dis- 
placement with each pulsation due mainly to the mechanical properties of the 


diaphragm, to its small surface, and to the minute inertia of the liquid system 
in the transducer. 
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MARINE STEROLS 
VI. STEROL BIOSYNTHESIS IN MOLLUSCS AND ECHINODERMS! 
U. H. M. FAGERLUND AND D. R. IDLER 


Abstract 


The in vivo incorporation of 2-C'4-acetate into digitonin-precipitable material 
has been demonstrated in two molluscs, mussel (Mytilus californianus) and 
clam (Saxidomus giganteus). Clams are able to convert 11,14-C'*-squalene into 
digitonin-precipitable material. When the azoylester of the material isolated 
from clams is chromatographed, the major portion of the radioactivity follows 
the least polar zone, which has previously been found to contain mainly mono- 
unsaturated A5-sterols. 


A starfish (Pisaster ochraceus) has been shown in vivo to convert ingested 
4-C'*-cholesterol to 7-cholestenol. 


Introduction 


Much information is available concerning the component sterols of marine 
invertebrates (1, 2, 3). Several phyla have yielded a large number of sterols, 
differing in the length of the side chain and the amount of unsaturation in the 
nucleus as well as in the side chain. A comparison of the component sterols 
of a particular species with those present in the food often reveals the absence 
of the ingested sterols. On the other hand, the sterols of a particular species 
seem to vary within certain limits with the locality and (or) the season (4). 
One must therefore assume either the presence of fairly active biochemical 
systems, which are able to convert exogenous sterols to those deposited by the 
animal, or the ability of the animal to dispose of the ingested sterols and to 
synthesize the sterols which it lays down in its body tissues. 

A taxonomic classification of marine invertebrates, based on the type and 
number of sterols present, has been suggested. It appears that the evolutionary 
trend is towards cholesterol, which becomes the major sterol in the most 
advanced forms (1, 2, 5). 

The present investigation was undertaken in order to establish (a) whether 
pelecypods are able to synthesize sterols from certain well-established precur- 
sors, and (b) whether starfish can transform the sterols in the food, essentially 
the A®-type, to the A’-type. 


Part A 
Biosynthesis of Sterols from Acetate and Squalene in Molluscs 


The incorporation of acetate into squalene and the cyclization of squalene 
to cholesterol has been extensively studied in mammalian tissues (6). In insects 
there are indications that acetate is incorporated into the steroid side chain 
only (7). A beetle has been shown to be unable to synthesize sterols from acetate 
and other precursors (8), although sterols play both a metabolic and a structural 
role in these insects (9). Nymphs of German cockroaches (Blattella germanica) 


‘Manuscript received April 12, 1960. 


Contribution from the Fisheries Research Board of Canada, Technological Station, Chemistry 
Section, Vancouver 8, B.C. 


Can. J. Biochem. Physiol. Vol. 38 (1960) 
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are able to convert exogenous sterols to those required by the organism (10). 
Sterol biosynthesis has been observed in some protozoa (11, 12). Some strains 
of yeast are able to synthesize ergosterol and zymosterol from acetate, squalene, 
and lanosterol but zymosterol is not a precursor of ergosterol (13, 14). Carbon 
28 of ergosterol is not derived from 2-carbon units but rather from formate, 
serine, and methionine (15, 16). 

In this investigation 2-C'‘-acetate was injected into a mussel (Mytilus 
californianus) and a clam (Saxidomus giganteus) and a labelled sterol fraction 
was obtained. Although no direct proof has been obtained that squalene is an 
obligatory intermediate, its role as a precursor has been established by obtaining 
a radioactive sterol fraction from mussels injected with C'*-labelled squalene. 
Sterol synthesis in marine invertebrates from acetate or squalene has not been 
reported previously. 


METHODS 


Radioactivity was determined in this part of the investigation with a counter 
equipped with a mica window Geiger—Mueller tube. 


Injection of 2-C'*-Acetate into Molluscs 

Mussels and clams were held in aerated aquaria supplied with running, 
filtered sea water and fed from time to time with macerated brine shrimp. After 
an animal had received an injection it was kept in a separate aquarium. A 
quantity of 2-C'*-acetate (specific activity (S.A.) 1 mc/23.6 mg) was dissolved 
in 0.05 ml of a 0.05 M phosphate buffer of pH 7.4, and the solution was injected 
at random into the body with a 22-gauge hypodermic needle forced in between 
the closed shells. 

The oil fraction was obtained by macerating the soft part of the animal in 
a Waring Blendor or a Servall Omni-Mixer and extracting the mixture three 
times with hot acetone. After saponification with KOH and ether extraction 
in the usual manner the sterols from each animal were separated from the rest 
of the nonsaponifiable matter by precipitation with digitonin from 150 ml of 
water:acetone:ethanol 1:2:3. The sterols were separated into four zones as 
previously described by chromatography of the azoyl esters on silicic acid - 
Celite 535 columns using petroleum ether — benzene to develop the chroma- 
tograms (17). 

Table I shows the distribution of radioactivity in the nonsaponifiable fraction 
and in the digitonides. 


TABLE I 
Radioactivity in nonsaponifiable matter and digitonides 
after injection with 2-C'*-acetate 














Time between Total radio- Nonsap. in % Digitonides 
Expt. Animal injection and activity recovered of totalC' in % of C' 
No. used extraction in animals in animals in nonsap. 
1 1 mussel 21 hours 4.6105 c.p.m. 1.9 2.3 
2 1 clam 2 to 10 days 8.3108 c.p.m. 0.78 5.1 
3 2 clams 11, 21 days 6.4 X108 c.p.m. 0.62 4.5 
4 1 clam 44 days 8.8 X10° c.p.m. 0.47 8.4 
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In experiment No. 2 in Table I, radioactive material was injected in portions 
over a period of 8 days, each time in 0.1 ml of 0.1 M phosphate buffer. Two days 
after the last injection, the animal was extracted. Of the total activity in the 
flesh, 1.26X10°c.p.m., or 1.52%, about twice the activity in the noasaponifiable 
material, remained in the oil fraction after it had been washed free of water- 
soluble activity. 


Injection of C'*-Squalene 

A clam was injected with 2.9 yc of 11,14-C'™ squalene (specific activity 
9.0 uc/mg) of biological origin* suspended in 0.2 ml of a dilute Tween solution. 
The clam was extracted 18 days later as described above. Of the total activity 
recovered from the clams 1.6% was precipitated with digitonin. Cleavage of 
the digitonide converted the radioactive compound to an ether-soluble material 
(sterol). 


RESULTS 


The experiments reported in this paper show that two species of Pelecypoda, 
mussel and clam, are able to utilize acetate for the synthesis of digitonin-pre- 
cipitable material. In two experiments with clam this material was further 
investigated through chromatography of the azoylester. The major part (80%) 
of the radioactivity followed the least polar zone, which has previously been 
found to contain mainly monounsaturated A®-sterols (17, 18). An insignificant 
amount of radioactivity was found in the zone containing 24-methylene- 
cholesterol. In view of the fact that the clams under investigation, in accord 
with previous findings, contained more 24-methylenecholesterol than mono- 
unsaturated A®-sterols, both being major components, it is of interest that the 
major portion of the activity resides in monounsaturated A’-sterols. 

It is not possible at this time to establish with certainty whether acetate 
is incorporated into sterols by way of condensation of two-carbon units or 
whether it enters into some specific part of the sterol molecule. However, the 
observation that labelled squalene is converted to sterols makes the first 
possibility the more likely of the two. 


Part B 
Conversion of Cholesterol to 7-Cholestenol in a Starfish 


Studies of the sterol composition of oils from marine invertebrates conducted 
in this laboratory have revealed the presence of a doubly unsaturated sterol, 
24-methylenecholesterol, in a number of pelecypods (17, 19). Recently the 
isolation of a closely related sterol, 7,24(28)-ergostadienol, from a starfish 
(Pisaster ochraceus) has been reported by us (20). Starfish are known to feed on 
pelecypods and hence ingest 24-methylenecholesterol. It therefore became 
reasonable to assume a biochemical relationship between these two 24-methyl- 
ene sterols. Furthermore, since the sterols isolated from starfish (Asteroidea) 
to date have been C-7 (8) unsaturated, including 7-cholestenol (1, 2, 3), 
although the ingested sterols are mainly of the A®-type, it appears that there 


*Obtained from Commissariat 4 L’Energie Atomique, Seine-et-Oise, France. 
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may be present in starfish an efficient mechanism for the transformation of 
A®-sterols to A’-sterols. Through the use of tracer techniques we have now 
obtained evidence for the in vivo conversion of cholesterol to 7-cholestenol in 
starfish. This is the first report of a biological transformation of this kind. The 
reverse reaction, conversion of 7-cholestenol to cholesterol, has been observed 
in rabbit and in rat liver homogenates (21, 22). 7-Dehydrocholesterol is con- 
verted to cholesterol in rabbit (23) and the two sterols are interconvertible in 
guinea pig intestines (24). 
METHODS 

Radioactivity was determined in this part of the investigation with a gas- 
flow counter equipped with a “‘micromil’’ window. 

All animals were held in aerated aquaria supplied with running, filtered sea 
water. Cholesterol-4-C' was dissolved in a few drops of salmon oil and the oil 
was injected into the body of a live mussel (Mytilus californianus). The 
mussel was then fed to a starfish that had been starved for a few days. The 
mussel was immediately consumed by the starfish. Nine days later the organs 
of the starfish were removed from the body cavity and macerated in a Waring 
Blendor. The sterol fraction was obtained as described above for clam sterols. 
On a preliminary chromatogram on silicic acid — Celite 535 (17) the sterol 
azoylesters separated into three zones. The bottom zone, in which unchanged 
cholesterol would be found, contained 436,000 c.p.m.; the middle zone in which 
7-cholestenol would be found contained 150,600 c.p.m., and the top zone, in 
which 7,24(28)-ergostadienol is located (20), showed no significant amount of 
radioactivity. The middle zone was rechromatographed together with 30 mg 
of cholesteryl azoate. The activity remained in the upper zone. The upper zone 
on this chromatogram was cut to obtain only the middle, concentrated portion 
of the zone. This portion contained 90,400 c.p.m. It was crystallized once from 
benzene — aqueous methanol, hydrolyzed, and acetylated. To 13.4 mg of this 
material was added 120.6 mg of 7-cholestenol acetate prepared synthetically, 
m.p. 117°. The combined acetate, S.A. 156 c.p.m./mg was crystallized six times 
from aqueous ethanol. The specific activity remained constant after the third 
crystallization at 109 c.p.m./mg. 

Removal of A®:7-Sterols 

Ultraviolet analysis of the crystallized material showed the presence of less 
than 0.2% of A®7-sterols. To remove this contamination, 9.1 mg of acetate 
and 5 mg of maleic anhydride were refluxed in p-xylene for 16 hours (17). After 
saponification with KOH the free sterol was crystallized three times from 
aqueous methanol. The S.A. of the material calculated as acetate was then 
101 c.p.m./mg and it was free of A®-7-sterols. 

Chromatographic Purification of 7-Cholestenyl Acetate 

The six-times-crystallized acetate (190 ug, S.A. 109 c.p.m./mg) was applied as 
a short strip to Whatman No. 1 chromatographic paper impregnated with 
kerosene, b.p. 220-240° and the chromatogram was developed with 98% 
aqueous acetic acid for 64 hours at 25° C (25). The area corresponding to the 
concentrated portion of 7-cholestenyl acetate, applied as a standard, was cut 
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out and eluted. The 7-cholestenyl acetate content of the eluate was determined 
by the modified Liebermann—Burchard reaction. The S.A. was 113 c.p.m./mg. 
Conversion of 7-Cholestenyl Acetate 

Hydrogenation was carried out on 10 mg of the six-times-crystallized acetate 
with platinum oxide in glacial acetic acid. After two crystallizations the S.A. 
of the hydrogenation product, 8(14)-cholestenyl acetate, m.p. 85°C, was 
122 c.p.m./mg. 
Injection of 4-C'*-Cholesterol into Clams 

A clam (Saxidomus giganteus) was injected with 4-C'4-cholesterol in a few 
drops of salmon oil and extracted 28 days later. The sterol azoylesters were 
obtained and chromatographed as described above. The middle zone contained 
5.3% of the combined activity of all zones. The hydrolyzed and acetylated 
middle zone was combined with 17 parts of carrier 7-cholestenyl acetate to 
give a mixture of S.A. 155 c.p.m./mg. The material in three crystallizations 
had a S.A. of 65, 31, and 24 c.p.m./mg respectively. 


Discussion 


The method used in these experiments for introducing the radioactive 
material to the starfish was superior to a number of alternative methods that 
were tried. The loss of radioactive material was considerably greater when the 
salmon oil, containing 4-C'*-cholesterol, was injected with a blunt needle into 
the stomach or when a small gelatin capsule, containing the cholesterol-oil 
solution, was forced into the stomach through the mouth. An additional 
advantage of the adopted method was that the sterol entered the stomach of 
the starfish together with the food. The activity in the middle zone was 25.4% 
of the total in all zones. Of this activity 30% was lost on crystallization. The 
true activity of 7-cholestenol was therefore 17.8% of the total activity in the 
sterol fraction. There is evidence indicating that this is less than the maximal 
capacity of the starfish to carry out this transformation. In one experiment the 
activity in the middle zone was 82.5% of that in all zones on the chromatogram, 
but the result could not be reproduced in later experiments. The only apparent 
difference between this and subsequent experiments was that in this experiment 
the starfish received the radioactive material in two clams, the second clam 
5 days after the first clam. In addition, it received a nonradioactive clam the 
second and third day after the first radioactive feeding. The effect of fasting 
on cholesterol biosynthesis in some biological systems has been established 
(26, 27). 

There is a possibility that the results of the reported experiments might be 
influenced by the enzyme systems of the mollusc into which the radioactive 
cholesterol was injected. Mussels (Modiolus demissus) and clams (Saxidomus 
giganteus) have been injected with 4-C'*-cholesterol in salmon oil in the same 
manner as in these experiments and kept alive up to 28 days in an aquarium. 
On chromatography of the steryl azoylesters the portion of the chromatogram 
that corresponded to the middle zone of the starfish chromatogram contained 
less than 6% of the total activity in all zones. In one case this portion was 
acetylated and mixed with 17 parts of 7-cholestenyl acetate. The mixture lost 
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84.5% of its specific activity in only three crystallizations. It is therefore 
evident that by far the major part of the transformation was carried out by 
the starfish. 

The radioactive 7-cholestenyl acetate from starfish was chromatographed on 
paper in a system that separates 7-cholestenyl acetate from 8(9)-cholestenyl 
acetate and 8(14)-cholestenyl acetate and also separates cholesteryl acetate 
from sitosteryl acetate. The 7-cholestenyl acetate retained its specific activity 
in this chromatogram. These results, together with the results from the 
crystallization of the 7-cholestenyl acetate, the 8(14)-cholestenyl acetate, pre- 
pared through acid hydrogenation, and the maleic anhydride treated product 
furnish proof for the identity of the radioactive material in the middle zone with 
7-cholestenol. 

Reports by several investigators have shown the presence in starfish of a 
number of sterols with differences in the sterol composition between species of 
the same class and sometimes within individual species (3, 4). It has been 
proved in the present investigation that cholesterol fed to a starfish will be 
efficiently converted to 7-cholestenol. If the assumption is made that the 
transformation is not limited to cholesterol but is carried out on A®-sterols in 
general, then all the various A®-sterols in the food will appear as corresponding 
A’-sterols in the starfish. Thus the findings reported here offer an explanation 
for the diversity of marine sterols in regard to one group of marine inverte- 
brates. 
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THE EFFECTS OF HYPOPHYSECTOMY AND ACTH 
ON ZINC METABOLISM IN THE SEX GLANDS AND ADRENALS 
OF THE MALE RAT! 


ALLAN D. RupzIK AND BERNARD E. RIEDEL 


Abstract 


The effects of hypophysectomy and ACTH administration on the uptake of 
Zn® and the concentration of zinc were observed in whole blood, testis, adrenals, 
and dorsolateral and ventral prostates of the male rat. ACTH was administered 
to both intact and hypophysectomized animals either as a single dose or as a 
daily dose over a period of 14 days. 

Hypophysectomy resulted in a marked decrease in the relative specific activity 
in all tissues studied. The administration of ACTH, as a single dose, had no 
significant effect, but, as a daily dose over a period of 14 days, caused significant 
changes in both intact and hypophysectomized animals. 

The probability of a relation between the adrenal gland and the sex glands is 
discussed. Further a relation between adrenal activity and zinc metabolism is 
discussed. 


Introduction 


It was previously reported (1) that the zinc concentration of the adrenal 
gland in intact animals was relatively high. It was markedly increased after 
daily treatment of the animals with cortisone (Merck, Sharpe & Dohme) and 
a single dose of cortisone caused a marked increase in the uptake of Zn® by 
the gland. A relation between the zinc metabolism and the functional activity 
of the gland was postulated. Changes observed in the testes and prostate of 
these male rats indicated a dependence of these glands on normal adrenal 
activity. 

The present study was undertaken to examine, further, zinc metabolism of 
the adrenal gland and sex glands in hypophysectomized and intact animals; 
ACTH was administered to some of each group. 


Methods 


The methods have been reported previously (1). Two series of experiments 
were carried out. In one series intact and hypophysectomized animals were 
treated daily with an intraperitoneal injection of 0.4 mg per 100 g body weight 
of ACTH (Connaught Laboratories), for a period of 14 days and killed 24 
hours after the last dose. In the second series a single dose of ACTH 4 mg per 
100 g body weight was injected and the animals killed 24 hours later. Suit- 
able untreated controls were used.* The average weight of both groups of 
animals was 240 g. 

Twenty-four hours before killing, 70 uc Zn®f with a specific activity of 
1 mc per mg stable zinc was injected intravenously via the external jugular 

1Manuscript received in original form January 8, 1960, and, as revised, May 18, 1960. 

Contribution from the Faculty of Pharmacy, University of Alberta, Edmonton, Alberta. 
This work was supported by a grant from the National Research Council of Canada. 
an tee hypophysectomized rats were obtained from the Hormone Assay Laboratories, 


+tZn® was obtained as a specially radiated sample from Dr. C. A. Mawson, Chalk River, 
Ontario. 
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vein under anesthesia. The total amount of stable zinc received by each 
animal was 70 yg. The rats were anesthetized with ether and killed by ex- 
sanguination. 

A sample of blood, the adrenals, one testis, and the ventral and dorsolateral 
prostate glands were removed, weighed, ashed, and analyzed for zinc con- 
centration according to the dithizone method outlined by Vallee and Gibson 
(2). Radioactivity was determined by counting an acid extraction of the zinc— 
dithizone complex in a well scintillation counter (Nuclear-Chicago) attached 
to a decade scaler (Tracerlab). 


Results 


The results obtained are presented in Table I and Table II. 
(a) Blood 

Hypophysectomy appeared to have no effect on the concentration of zinc 
in the whole blood (Table I). An increase in the corrected specific activity was 
observed in the 5-day hypophysectomized animals (Table II). The administra- 
tion of a single dose of ACTH had no effect on the zinc concentration in the 
intact or hypophysectomized animals but caused a decrease in the elevated 
corrected specific activity in the 5-day hypophysectomized animals. Chronic 
treatment with ACTH resulted in a significant decrease in the zinc concentra- 
tion of whole blood in both intact and hypophysectomized animals (Table I). 


(b) Ventral Prostate 

Chronic administration of ACTH resulted in a decrease of zinc concentra- 
tion in the ventral prostate of intact animals (Table I). The relative specific 
activity was decreased in the hypophysectomized animals after 5 days with a 
much larger decrease being observed after 19 days, as shown in Table II. 
Chronic treatment with ACTH brought about some recovery in the relative 
specific activity in hypophysectomized animals. 


(c) Dorsolateral Prostate 

Hypophysectomy for 5 days caused a reduction in the zinc concentration in 
this tissue as shown in Table I. A slightly greater decrease was observed in 
the 19-day hypophysectomized animals. The ability of the gland to take up 
Zn® was much more dramatically affected. Table II shows the decrease in 
relative specific activity in this tissue, 249+52.0 for intact animals dropping 
to 109.0+ 10.3 in 5-day hypophysectomized animals and to 26.0+3.3 in 19-day 
hypophysectomized animals. 

Chronic treatment of intact animals with ACTH caused a marked increase 
in both zinc concentration and relative specific activity. Table I shows that, 
in hypophysectomized animals, chronic treatment with ACTH resulted in a 
very significant further decrease in zinc concentration but Table II shows that 
there was an increase in the uptake of Zn® under these conditions. 

There is a marked fall in the size of the dorsolateral prostate in hypophy- 
sectomized animals. However, the decrease in concentration of zinc did not 
parallel this loss in weight (Table I). The actual weights of the dorsolateral 
prostate were 138.2+28.5 mg for intact animals, 75.0+14.0 mg for 5-day 
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hypophysectomized rats, and 40.0+10.0 mg for 19-day hypophysectomized 
rats. The ability to take up Zn® much more nearly paralleled this loss in 
weight. 
(d) Testis 

Hypophysectomy did not alter the zinc concentration but did result in a 
decrease in the relative specific activity. Hypophysectomized and intact 


animals also showed decreased relative specific activities after chronic adminis- 
tration of ACTH. 


(e) Adrenals 

Hypophysectomy caused a significant decrease in zinc concentration in this 
gland 5 days after operation, but an increase to very high levels after 19 days. 
When ACTH was administered daily both intact animals and hypophy- 
sectomized animals showed a very marked decrease in zinc concentration. 

The relative specific activity was decreased from normal in the 19-day 
hypophysectomized rats. Chronic treatment with ACTH caused an increase 
in the relative specific activity in both intact and 19-day hypophysectomized 
animals. A significant decrease was observed in the hypophysectomized 
animals treated with a single dose of ACTH. 

The increase in zinc concentration with long-term hypophysectomy and the 
reduction observed with chronic ACTH in these animals is probably a result 
of changes in the weight of the gland since the average weight of the adrenal 
glands in intact animals, 0.0365+0.011 g, was reduced to 0.0148+0.003 g 
after 19 days of hypophysectomy. The weight of the adrenal glands of hypo- 
physectomized animals treated with ACTH daily for 14 days was 0.0328+ 
0.006 g. The decrease in zinc concentration in intact animals with chronic 
ACTH, however, must be a true change since only a slight increase in weight 
to 0.0400 + 0.010 g was observed in the adrenals of these animals. 


Discussion 


Gunn and Gould (3) reported that the selective uptake of Zn® by the 
dorsolateral prostate gland was decreased following hypophysectomy and could 
be maintained if gonadotrophin was administered; a straight-line relationship 
exists between the dose of hormone administered (in the effective dose range) 
and the response of the dorsolateral prostate to take up Zn®. In the present 
experiments there was a decreased zinc concentration and an even more marked 
decrease in the Zn® uptake in the dorsolateral prostate following hypophy- 
sectomy. The effect was much greater than in any other tissue studied. 

Chronic treatment with ACTH resulted in a twofold increase in the relative 
specific activity in the dorsolateral prostate in hypophysectomized animals. 
Thus, in the absence of gonadotrophins, a response to ACTH was observed 
which would appear to suggest that ACTH is responsible, at least in part, for 
the metabolism of zinc in the dorsolateral prostate. 

Hypophysectomy did not affect the zinc concentration of the blood aithough 
the corrected specific activity showed an increase after 5 days of hypophy- 
sectomy, but a return to normal levels after 19 days. In intact animals the 
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marked decrease of zinc concentration with ACTH (chronic), also observed in 
hypophysectomized animals, suggests that a redistribution of zinc took place 
with the whole blood losing a part of its supply to other tissues or alternatively, 
the mobility of the zinc has increased. 

The decrease in zinc concentration along with the increased uptake of Zn® 
in intact animals treated with ACTH would suggest an increased utilization of 
zinc and a possible relationship between zinc and adrenal corticosteroid for- 
mation. This would appear to be further substantiated by the decreased 
Zn® uptake in the hypophysectomized (19-day) animals. 
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PRODUCTION OF CARBON DIOXIDE AND VOLATILE ACIDS 
BY MUSCLE FROM ASCARIS LUMBRICOIDES'! 


R. P. HARPUR AND W. R. WATERS 


Abstract 


Under anaerobic conditions the production of carbon dioxide by chopped 
ascaris muscle is enhanced by the presence of carbon dioxide. This effect is not 
due to a lowering of the pH since raising the pH actually increases the effect. 
In addition to manometric measurements changes in the volatile acids were 
studied. Since the chromatographic procedure employed did not distinguish 
between isomers, the acid fractions have been designated by the number of carbon 
atoms contained by the acid normally eluted in each specific fraction. When 
minced or chopped muscle is incubated in an atmosphere of N2/CO:, 93/7, there is 
an increase in the C; and C, acid fractions in addition to a small but significant 
increase in the C; acid fraction. The ratio of Cs produced to CO, evolved is 1:3. 
On the other hand the C; and C, acid fractions are increased under aerobic 
conditions. 

One of the most interesting biochemical features of Ascaris lumbricoides is 
the fact that it not only produces carbon dioxide anaerobically, but it also 
excretes lower volatile fatty acids, particularly acids with two, three, four, five, 
and six carbon atoms. Present knowledge concerning the metabolism of this 
nematode has been covered adequately in a recent review (1). Epps, Weiner, 
and Bueding (2) have shown that the acids found in the medium are indeed 
derived from the worm and not from associated bacteria. This was done 
aerobically and the observation has been confirmed in this laboratory. It was 
found further that the axenic worms will produce fatty acids under anaerobic 
conditions (3). Studies using axenic whole worms are limited first by the time 
required to remove bacteria and second by the difficulty in obtaining replicate 
groups of worms for study. The production of free volatile fatty acids by minced 
muscle tissue, first reported by Weinland in 1902 (4), has not been confirmed, 
although work with homogenates and partially purified enzyme systems has 
enabled the formulation of a possible mechanism for the production of tiglic 
and a-methylbutyric acids (5). More recent work with muscle strips has 
suggested an alternative mechanism (6). 

It was found that when chopped or minced ascaris muscle is incubated 
aerobically or anaerobically there is an evolution of carbon dioxide and an 
increase in the free volatile fatty acids in the preparation. Nearly all the gas 
evolved could be absorbed by sodium hydroxide and it is assumed to be carbon 
dioxide. This assumption is supported by the recent work of Saz and Weil (6) 
where anaerobic respiratory carbon dioxide was isolated as barium carbonate. 
The present paper describes some preliminary studies concerned with these 
observations. 


Methods 


Worms were collected at the abattoir in 1% saline at 37° C and, within 
1 hour of collection, were washed and transferred to Baldwin and Moyle keeping 
1Manuscript received March 9, 1960. 
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medium (7). The experiments described here were performed on muscle taken 
from such worms within 48 hours of their collection. Only females were em- 
ployed and after removal of the viscera the muscle was stripped from the cuticle 
by blunt dissection. In early experiments the muscle was chilled until final 
transfer to a Warburg vessel, but maintaining it at room temperature appeared 
to be equally satisfactory and this procedure was adopted for the work reported 
here. 


Manometric Methods 

The tissue preparations were incubated in a conventional Warburg apparatus. 
Because the muscle produces carbon dioxide as well as acid anaerobically, the 
experiments were carried out in the vicinity of pH 6 where the carbon dioxide 
retention is not high. 


Chopped Muscle 

Muscle strips were handcut with scissors into 3-5 mm wide pieces and were 
thoroughly mixed by coning and spreading several times before the samples 
(500 to 800 mg) were distributed and weighed into Warburg vessels. This 
material was suspended in Krebs-Ringer phosphate solution (pH 7.4) (total 
volume per vessel 3 ml), but as the buffering power of the medium was 
negligible compared with that of the tissue, these experiments and those with 
minced tissue were conducted at the pH of the disrupted muscle, namely pH 6. 


Minced Muscle 

Strips of muscle were minced in a Seevers-Shideman mincer (8) and 40% 
(v/v) suspensions of this preparation in Krebs-Ringer phosphate medium were 
prepared. These were diluted 23 with medium in the Warburg vessels 
so that the final suspension was 27% (v/v). 


Reproducibility of COz Production 

When carbon dioxide yields were corrected for wet weight in experiments 
using chopped muscle, it was found that there was considerable variation within 
experiments. Similarly, although every effort was made to obtain uniform 
sampling of the mince suspension there was again a large variability in carbon 
dioxide yields within experiments (coefficients of variation 10% or more). 
On the other hand, although the mean dry weight of different tissue preparations 
varied from mince to mince, the variation in dry weight of samples from specific 
minces was low (coefficient of variation 1.8%). The dry weights for each 
experiment were determined as the mean of three samples and the results for 
minces are expressed per 250 mg dry weight so that they are comparable with 
1 g wet weight (9). 


Analysis of Acids 

Samples for analysis were made alkaline to phenol red in stoppered test tubes, 
and held in boiling water for 5 minutes before they were stored in a refrigerator. 

The analysis was carried out by distillation followed by chromatography 
with silica gel as previously described (10, 11). No attempt was made to 
separate the isomers of the volatile acids, and in the results that follow, the 
subscript number indicates that the fraction titrated was eluted in the same 
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position as a known acid with the subscript number of carbon atoms, e.g. C; 
equals titratable acid eluted in the fraction that contains valeric acid and its 
isomers. 


Calculations 


For the most part the mathematical analyses were according to the pro- 
cedures described by Moroney (12). For testing the significance between more 
than two means Duncan’s multiple range test (13) was employed. In this test 
the means are ranked in order of increasing values and no two means under- 
scored by the same line are considered to be different. The figure beside these 
lines indicates the level at which the multiple range test was conducted. Since 
the work described here constitutes a preliminary study of the endogenous 
metabolism, results which had only a 5% probability of occurring by chance 
were taken as acceptable. 


Results 


Production of Carbon Dioxide 

Effect of Carbon Dioxide 

Early in this work it was evident that the presence of carbon dioxide in the 
gaseous phase stimulated the production of carbon dioxide. In order to deter- 
mine if the effect was due to carbon dioxide per se or to a lowering of pH by 
the carbon dioxide, a simple 2? factorial experiment was set up as follows. 
The basic experimental conditions aimed at in the experiment were low pH 
(5.9) and low carbon dioxide concentration (purified nitrogen 99.9%). Factor A 
consisted of a higher pH (6.2) and factor B, 5% carbon dioxide. Using con- 
ventional abbreviations for factorials the conditions representing each treat- 
ment may be expressed as follows: 

(a) equals high pH, low CO: (endogenous), Nz 99.9%; 

(6) equals low pH, high CO, 5%, Nz 94.9%; 

(ab) equals high pH, high CO, 5%, Ne 94.9%; 

(1) equals low pH, low CO, (endogenous), Nz 99.9%. 
Six replicates (different groups of worms) were performed and each replicate 
consisted of 12 Warburg vessels with three sets of treatments completely 
randomized. Each vessel contained a weighed amount (approximately 800 mg) 
of ascaris muscle, chopped with scissors, and 2.2 ml of Krebs-Ringer phosphate 
medium (pregassed) to which sodium hydroxide or hydrochloric acid had been 
added according to the treatment assigned. After appropriate gassing and 
after equilibration for 15 minutes at 37° C, four vessels, representing one of 
each treatment, were removed one by one and the pH determined as rapidly 
and under as constant conditions as possible, with a Beckman Model G pH 
meter. If the pH values were close to those required, the experiment continued 
as follows. After the initial readings, acid (0.2 ml 5 N H2SO,) was tipped from 
the side arms of four vessels, again representing each treatment, to determine 
the initial CO, retention, and the CQ, evolution of the remaining four was 
followed for 1 hour before acid was tipped to determine the final carbon dioxide 
retention. The changes in carbon dioxide retention were substracted from each 
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figure for carbon dioxide evolved during the 1-hour period, and the figures thus 
obtained were corrected for the actual weight of tissue in each vessel. 

Since the tissue itself formed the main buffer and the effect of carbon dioxide 
had to be offset, difficulty was experienced in obtaining the desired pH values. 
Table I shows the means of the pH for each treatment and from Duncan's 


TABLE I 
Means of pH values observed (ranked in order) 














(b) (1) (a) (ab) 
pH 5.9(3) §.9(5) 6.1(5) 6.2(3) 
p<.0l 
Note: a, high pH; 6, high CO2; absence of a letter indicates the lower level of the 


factor. 


The second decimal place in parentheses is given for comparison but this 
accuracy is not claimed. 


multiple range test (13), it may be concluded with a 99% probability (but not 
99.9%) that the treatment means with (a) are not different, that the treatment 
means without (a) are not different, and that each pair of treatment means 
is different from the other. 

The experimental results are shown in Table II where it can be seen that 


carbon dioxide (treatments with (b)) produced a marked increase in the amount 
of carbon dioxide evolved and that the higher pH value (treatments with (a)) 


TABLE II 
Results of factorial for pH and CO, effects 








ul CO, in 60 min/g wet weight 
(corrected for changes in CO, retention) 





Treatments 

















Replicates (1) (a) (b) (ab) 
I 150 197 191 294 
Il 197 242 227 330 
III 200 231 216 306 
IV ve 77 144 168 
Vv 161 141 199 254 
VI 67 58 88 124 
Variance 
Analysis of variance D.f. estimate F 
Replicates 5 17,769 
Factors A (pH) 1 10 ,626 25,40°"* 
B (CO,) 1 23 ,002 54.97*** 
AB (pH X CO.) 1 4,182 10.00** 
Error 15 418.47 
** p<.01. 
¥*** D <.001. 


also produced an increase. The analysis of variance further suggests that carbon 
dioxide is more effective at the higher pH value. The carbon dioxide and pH 
effects are indicated in the analysis of variance at the 99.9% level but it must 
be remembered that the factor A treatments were only good to the 99% level 
and that interpretations must be limited by this figure. Although the results 
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for the treatments with (a) have greater range than those without (a), the 
sum of squares for non-additivity, calculated by Tukey’s method (14), was 
not found to be significant. 

Since factor A, the higher pH, produced a significant effect it would appear 
that the effect of CO; is not due to a lowering of the pH. On the contrary, the 
higher pH produces a higher CO, evolution. The statistical interaction of CO, 
with the higher pH may be explained by the higher apparent solubility of CO, 
at this pH. In view of this interaction it might be unwise to attach too much 
significance to the pH effect per se. 


Changes in COz Retention 

In the factorial experiment just described it was found that when the change 
in CO, retention was expressed as a percentage of the CO, evolved, there were 
no apparent differences attributable to treatments. That is, the ratio of CO, 
from acid production to actual carbon dioxide evolution, was not changed by 
CO., pH, or a combination thereof. The analysis of variance, which Tukey’s 
test (14) revealed to be appropriate without transformations, was used to 
estimate the error variance, and the result of the multiple range test (13) is 
given in Table III. This shows what differences may be significant between the 


TABLE III 
Changes in CO, retention 








“" means ranked in ‘mead (change “ CO, retention as % of CO evolved) 
f IV II Vv 


— 16. (8) —13.(7) —5.(9) —5. (2) —2.(3) —0. (8) 





p<.05 





Corresponding means of corrected CO, production (ul CO./g wet weight) 
(a + b + ab + (1)) for each replicate 
208 3 


84 116 238 189 249 





means and also demonstrates something which has frequently been observed 
but not fully investigated, namely, that there appears to be some inverse 
correlation between the activity of the tissue preparation and the percentage 
change in CQ, retention. That is to say, tissue preparations which produce 
carbon dioxide at a low rate may have a large percentage carbon dioxide 
retention change. This effect may, of course, be due to the relative inefficiency 
of the tissue as a buffer. The mean CO, production for each replicate is shown 
at the bottom of the table. 

Because carbon dioxide was found to stimulate carbon dioxide production it 
was decided to use 7% carbon dioxide for the remainder of the work reported 
here. In some experiments, alkali was added to raise the pH and this produced 
quite high rates of carbon dioxide evolution. It was, however, deemed prudent 
for this preliminary investigation to work in the vicinity of pH 6, where the 
carbon dioxide retention is small. In the work which follows it has been 
assumed, and confirmed by spot checks, that the changes in CO, retention 
with actively metabolizing tissues are not likely to be more than 6% of the 
observed CO, and no corrections have been applied. 
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Variation in Sampling 

The variation in carbon dioxide production within experiments has been 
mentioned previously and the variation of individual determinations is demon- 
strated by the error mean square in Table II. Several hypotheses were con- 
sidered as an explanation of the high variation within specific preparations, 
but since experiments designed to test these hypotheses gave negative results 
they are merely summarized below. 

(1) Critical concentration of a substrate or cofactor: neither a final tissue 
suspension of 333% (v/v) nor the addition of homogenized muscle reduced the 
variation. 

(2) Some parts of the worm may act as inhibitors or activators. The follow- 
ing organs were dissected out before the muscle was minced and were added to 
some of the vessels: lateral lines, genital pore, and oesophageal muscle. No 
improvement in variability was observed. 

(3) In the case of minces which were pipetted, although no settling of the 
suspension was visible, it was found that some parts of the muscle do settle 
quickly and the situation is similar to pipetting a suspension of sand in water. 
In the work described here, vigorous agitation and random distribution were 
employed but in later work a serial pipetting technique is employed which 
reduces the variation to 5-8%. Figure 1 shows the production of carbon 
dioxide by four samples of chopped muscle and is typical of the variation 
encountered. 


a 


20+ 


pimoles CO2/g wet wt. 








+ 


| 2 3 4 
TIME (HOURS) 
Fic. 1. Production of CO: by four samples of chopped muscle, 37° C, N2/CO, 93/7. 


Production of Fatty Acids . 
Preliminary analyses indicated that concomitant with the anaerobic produc- 

tion of COs, there is an increase in the C; content of the chopped or minced 

muscle, and possibly changes in the other acid fractions. Since it was desirable 
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to establish what changes actually occurred, before investigating the rate of 
change, experiments were carried out with 2- and 4-hour periods of incubation 
as described in the following sections. 


Anaerobic versus Aerobic 

While this work was concerned mainly with anaerobic metabolism it was of 
interest at this stage to compare the aerobic metabolism. Since alkali was 
placed in the center well for those vessels with the air as the gas phase, the 
comparison is really between carbon-dioxide-free air and nitrogen — carbon 
dioxide. Figures 2 and 3 summarize two experiments carried out with chopped 
and minced muscle, respectively. 

Under anaerobic conditions the most consistent feature is the increase in 
the C; and C, acid fractions, the C; effect predominating. It will be noted that 
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Fig.3 
Fic. 2. Chopped muscle: anaerobic and aerobic. 
0 Controls (no incubation), @ 2 hours aerobic (air), O 2 hours anaerobic 
(93% Ne, 7% COs), mean of controls (%), --—-— 95% confidence limits ¥ + {ts/ 
V/(n — 1)} (s? = within treatment variance; to; for 6d.f.,n = 3), F value from the analyses 
of variance, *p<.05 for a treatment difference. 
Fic. 3. Minced muscle: anaerobic versus aerobic. 
0 Controls (no incubation), @ 2 hours aerobic (air), O 2 hours anaerobic 
(N2/CO, 93/7), mean of controls (%), - — —- 95% confidence limits ¥ + {ts/./(m — 1)} 
(s? = within treatment variance; fs for 7 d.f., 2 = 3), F value from the analyses of 
variance, * p<.05 for a treatment difference, *** »<.001 for a treatment difference. 
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the C; and C, fractions also increased in the minced preparation under aerobic 
conditions, but not to the same extent. The most consistent feature, under 
aerobic conditions, is the increase in the C; fraction. Further there are indica- 
tions that aerobically, the C; fraction may increase and the C;, fraction decrease. 
It should also be noted in passing that the oxygen consumption and carbon 
dioxide production are approximately the same. These may be fortuitous 
observations but they suggest that the factors controlling metabolic rate 
aerobically and anaerobically may be closely related. 


Endogenous Anaerobic Metabolism 

In order to investigate more carefully the changes that occur anaerobically 
in the acid fractions, further experiments were conducted with both chopped 
and minced muscle. The results are shown in Tables IV and V. Here again it 


TABLE IV 


Anaerobic production of acids by chopped muscle 








Acid produced, umoles/g wet weight 











Mean of: 
4-hr incubation Standard Analyses of 

Acid at 37°C 93% N2/ _ error of variance, 
fraction Unincubated 7% COz a mean F value 

Cs 9.1 10.9 +0.56 4.94 

Cs 15.4 26.4 +0.61 pete 

Cy 0.7 2.3 +0.15 46.8°** 

C; 2.6 Fe +0.16 <1 

C; 6.2 5 +0. 38 i 

CO, — 29.8 +0.43 —- 





*p <.05, ***p <.001. : 
Norte: Each figure is the mean of six samples, three from each of two experiments. 
No significant interactions (Experiments X Treatments). 


TABLE V 


Anaerobic production of acids by minced muscle 








Acid produced, umoles/250 mg dry weight 











Mean of: 
4-hr incubation Standard Analyses of 
Acid at 37°C 93% N2/ _ error of variance, 
fraction Unincubated 7% COz a mean F value 
Ce 8.2 8.2 +0.20 <1 
C; . 13.8 19.5 +0.39 766°"* 
4 L.3 Zz +0.17 13.9°* 
C; 1.35 Pe +0.15 a8 
C, 4.2 Ye +0.46 i. 
CO, — 15.6 +1.3 — 





**p <.01, ***p <.001. ’ 
Note: Each figure is the mean of 10 samples, 5 from each of two experiments. 
Only Cs showed a significant interaction (Experiments X Treatments). 


will be noted that there is a large increase in the C; fraction. Although the 
behavior of the two preparations, in the minced muscle experiments, was not 
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strictly comparable (vide C; interaction), it is clear that the C; fraction repre- 
sents a major metabolic product under the experimental conditions employed. 
Again there was an increase in the C, fraction in all experiments and further a 
small (percentagewise), but significant increase in the C; fraction. The increase 
in this fraction was only faintly suggested by the earlier experiments (Figs. 2 and 
3), with a shorter incubation time, and a smaller number of samples. 


Relation of Acid Production to Carbon Dioxide Evolution 

Some preliminary experiments have been conducted to determine the effect 
of different substrates on the carbon dioxide and acid production. These require 
further work before presentation but as each experiment contained control 
samples without added substrates, it was of interest to survey the analyses from 
these experiments. The control samples in each experiment were two or three 
samples not subjected to equilibration and incubation, and two or three incu- 
bated samples. Some experiments were with chopped muscle and some with 
minces, and the time of incubation was also variable from one experiment to 
another but all were carried out in Ne/COz (93/7). 

Comparison of carbon dioxide evolution with the increases in individual acid 
fractions, and of the increase of one acid fraction with another, revealed only 
one correlation, that of carbon dioxide and the C; fraction. On calculation the 
correlation coefficient was found to be highly significant and the regression line, 
calculated by the method of least squares, is shown in Fig. 4. This strongly 
suggests that there may be a stoichiometric relation of 3CO,:1C;, although if 
the lower 95% confidence limit is considered with a 6% correction for CO, 
retention, then a ratio 2CO,2:1C; is possible. 


16 


iS 


pmoles C5 
S 











_ Fic. 4. Correlation of Cs with CO, (r = 0.946) (y = 0.356x + 1.1). Each Cs value 
is the mean of two or more incubated samples minus the mean of two or more unincubated 
samples. Each CO; value is the mean value of the incubated samples. —-- p = .05 
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Discussion 


The effect of exogenous carbon dioxide, on metabolic carbon dioxide pro- 
duction, is not as extraordinary as appears at first sight. The fixation of carbon 
dioxide in ascaris muscle (15) and in another nematode (16) has been demon- 
strated by the use of isotopes. It is possible that this results in the production 
of some metabolite that increases the activity of the tissue. In this connection 
it should be noted that carbon dioxide is one of the factors required to produce a 
hatching stimulus for ascaris eggs (17). In other animals an in vivo stimulation 
of acetate metabolism by bicarbonate has been found in the diabetic rat (18) 
and Pennington (19) has reported an increase in propionate metabolism by 
rumen epithelium in the presence of carbon dioxide. In plant material the 
control of fat synthesis by carbon dioxide has been reported (20). The present 
results, like those in vitro effects just mentioned (17, 19 and 20), cannot be 
ascribed to the effect of carbon dioxide on the pH value. On the contrary, 
the factorial experiment demonstrates clearly that at a slightly higher initial 
pH value, the effect is even more pronounced. The method of measuring the 
pH values may be somewhat lacking in accuracy but the precision appears to 
be adequate. 

During the work, consideration was given to the use of an exogenous buffer. 
However, when it was found that both acetate and malate appeared to be 
metabolized, that succinate was a potential metabolite, and that citrate pro- 
duced a strong inhibition of the endogenous metabolism, the use of the tissue 
itself as the main buffer seemed appropriate for this preliminary work. 

Because ascaris muscle cells are very large, even the scissor-chopped material 
might be described as cell-free but the finer mechanical mincing will disrupt the 
cellular organization further and this might explain some of the discrepancies 
between the two types of preparation. Diffusion of gases in the comparatively 
concentrated tissue suspensions employed may be a further explanation. 
Another point which may require investigation is the fact that some of the 
volatile acids in ascaris are present in the form of triglycerides (21) but in the 
present work no attempt has been made to assess any changes which may occur 
in this fraction. 

It is of interest to compare and examine earlier work in relation to the 
present findings. Moyle and Baldwin (22), comparing their figures for the 
analyses of perienteric fluid with those reported by Bueding and Yale (23) 
for acids found in the medium surrounding axenic worms, considered that the 
results were substantially different. Since the mode of excretion or diffusion of 
the acids from the worm is not known, there appears to be no reason for com- 
plete agreement in the results. Our results, from the analyses of the muscles, 
are of an intermediate nature and there are many points of similarity between 
the content of the medium, the content of the muscle, and the content of the 
perienteric fluid. Table VI shows the relative proportions of the different acids 
that have been studied. The figures for the acids found in the medium of 
axenic ascaris under anaerobic condition (3), are based on the means of four 
groups of five male ascaris rendered bacteria-free by the method of Fairbairn 
and Reesal (24). 
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TABLE VI 


Acid fractions as a percentage of the total volatile acids 








a & & 2° 





36 46 2 & . @ Perienteric fluid (Moyle and Baldwin (22)) 

25 40 3 10f 23+ Aerobic (Bueding and Yale (25)) \Axenic culture 
a 6S CS 4 10 _— 95/5 (Fairbairn and Harpur (3)) { medium 

ss @ 3 Ss 6 hopped muscle a 

26 40 4 s&s Minced muscle Present work 





tQ test indicates that these figures may be different from the rest of their sets. 


The more contradictory figures have been selected by means of a Q test (26); 
these figures are marked f in the table. It should be clearly understood that 
the Q test is not used here for its usual purpose, and there is no suggestion 
that the figures marked ¢ should be considered invalid. 

Considering the C, figure so marked, which is the only figure for perienteric 
fluid differing markedly from our figures, it will be remembered that in one 
experiment we found a decrease in the Cs fraction under aerobic conditions. 
In further support of this it may be mentioned that when lactate, but not 
pyruvate, is added to chopped muscle, an increase in the C, fraction results. 

Ascaris worms in this laboratory are customarily kept in fairly crowded 
conditions, about 20 worms per liter of keeping medium in an Erlenmeyer 
flask. The growth of bacteria in the flasks in 24 hours is fairly heavy and 
although the flasks are only stoppered with absorbent cotton, conditions are 
probably intermediate between anaerobic and aerobic. It may be therefore 
that the C, discrepancies can be explained as a difference between anaerobic and 
aerobic conditions. This suggestion is further supported when the C; and C2 
figures marked f are examined. It will be remembered that in our experiments 
with chopped and minced muscle there were clear indications that these frac- 
tions can increase substantially under aerobic conditions. Further in accordance 
with our observations concerning the anaerobic production of C;, it will be 
noted that the C; fraction is high in both the fresh perienteric fluid and in the 
products excreted under anaerobic conditions. With the possible exception of 
the Cy, fraction, the similarities between the fresh perienteric fluid and the 
anaerobic excretion agree with the hypothesis that the worm is essentially 
anaerobic in vivo. 

It is difficult at this stage to assess the importance of the 1:3 relation between 
the increase in the C; fraction and the carbon dioxide production. It seems 
likely that this figure will be useful in viewing the over-all metabolism of 
ascaris muscle in relation to the individual enzymic reactions which have been, 
and are being, studied by various workers. 
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PARTIAL PURIFICATION OF BOVINE ANTIPLASMIN 
(ANTIFIBRINOLYSIN)! 


EpMOND R. CoLe, ARTHUR DALBY,? AND EpwWIN T. MERTZ 


Abstract 


Bovine antiplasmin (antifibrinolysin) solutions with activities of 12-19 
units/mg nitrogen have been obtained from bovine serum by 60% ammonium 
sulphate precipitation and isoelectric precipitation at pH 5.0 representing ap- 
proximately a 6-fold purification of antiplasmin from serum. An additional 
6.4-fold purification of antiplasmin was obtained by chromatography on a large 
diameter calcium phosphate gel column. Dialysis and lyophilization of the 
column eluate caused a 30% loss in activity. The dry antiplasmin was 25 times 
more potent than serum protein and was stable for 12 months when stored in a 
desiccator over P2O; at —10°. Antiplasmin solutions with a specific activity 
twice that obtained with the large column could be eluted from a small diameter 
calcium phosphate column, but the activity decreased too rapidly to permit pre- 
paration of a lyophilized product. 


Introduction 


Antiplasmin, a plasma protein responsible for the in vivo inhibition of plas- 
min, has been recognized as a constituent of normal blood for a number of years, 
and its nature has been investigated by many workers, as revealed by a recent 
review on the fibrinolytic system (1). In the present paper, methods are 
described for the partial purification of antiplasmin from bovine serum by 
ammonium sulphate fractionation and chromatography on columns of calcium 
phosphate gel. 


Experimental 

Assay of Plasmin 

The Warburg manometric technique adapted for plasmin measurements by 
Dalby and Mertz (2) was used for the plasmin assay. In this system, the esterase 
activity of plasmin on p-toluenesulphonyl-L-arginine, methyl ester (TAMe) 
is utilized for the assay of plasmin. One manometric unit of plasmin is defined 
as that amount of enzyme which causes an initial rate of release of 100 micro- 
liters of carbon dioxide per hour under standard conditions (2). 


Antiplasmin Manometric Assay Method 

One unit of antiplasmin is defined as that amount of inhibitor which will 
reduce two units of plasmin activity to one unit. One-tenth milliliter of 0.2 M 
TAMe is placed in the sidearm of the reaction flask. The main compartment 
of the flask contains 1 ml of 0.21 M NaHCOs,, two units of chloroform-activated 


1Manuscript received February 25, 1960. 

Contribution from the Department of Biochemistry, Purdue University, Lafayette, 
Indiana. Journal Paper No. 1515, Purdue University Agricultural Experiment Station. 
ey ia by Contract DA-49-007-MD-195, Office of the Surgeon General, Department of 
the Army. 

2Present address: Department of Biochemistry, Manchester College of Science and Tech- 
nology, Manchester, England. 

3After this manuscript was written, Gray et al. (J. Biol. Chem. 235, 56 (1960)) described the 
preparation of a purified proteolytic inhibitor from bovine blood using curtain electrophoresis 
and DEAE-cellulose chromatography. Tests are in progress to determine whether their 
inhibitor and the one described in this paper are identical. 


Can. J. Biochem. Physiol. Vol. 38 (1960) 
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plasmin (3), and a small volume of the antiplasmin solution. The final volume 
is adjusted to 3 ml with distilled water. The flask and manometer are placed in 
the 37° bath and gassed with 95% N2/5% COs for 10 minutes. During this time 
the manometer is turned up toa maximum. The manometer stopcock and flask 
venting tube are then closed and the system is allowed to equilibrate for 20 
minutes. The TAMe is then tipped into the main compartment and, after 
a further 3-minute period, readings are taken at either 2- or 3-minute intervals. 


The number of units of antiplasmin are read directly from the curve shown in 
Fig. 1. 
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Fic. 1. Initial rate of release of carbon dioxide by two units of bovine plasmin as a 
function of antiplasmin concentration (I). 











Preparation of Antiplasmin for Chromatography 

Bovine plasma‘ was used as the source of plasminogen and antiplasmin. The 
plasma was defibrinated and brought to 30% saturation with ammonium 
sulphate according to the procedure described by Jackson and Mertz (3). The 
30% precipitate is the source of chloroform-activated plasmin used in the 
manometric assay of antiplasmin. The 30% supernate was found to be a potent 
source of antiplasmin and, as a preliminary to chromatographic studies, was 
further purified as described below. 

The 30% supernatant solution (S-1, Fig. 2) was brought to 40% saturation 
by the dropwise addition of saturated ammonium sulphate solution. The 
precipitate (P-2) was discarded after centrifugation and the supernatant 
solution (S-2) was brought to 60% saturation with ammonium sulphate 

‘Swift and Company. 
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SERUM 
0.39 UNIT/UNIT 0.0. 


+ 

30% SATURATION WITH 

AMMONIUM SULPHATE 
(30% SAS) 


n 


| 
SUPERNATE (S-1) ae Se 
0.53 UNIT /UNIT 0.0. 0.03 UNIT/UNIT 0.0. 





> 
30-40% SAS 





+ + 
PRECIPITATE (P-2) SUPERNATE (S-2) 
0.06 UNIT/UNIT 0.0. 0.77 UNIT/UNIT 0.0. 


| 

$ 
40-60% SAS 

| 





f 


PRECIPITATE (P-3) SUPERNATE (S-3) 
| . 0.67 UNIT /UNIT 0.0. 


DISSOLVE IN WATER; 
DIALYZE AGAINST WATER; 
ADJUST TO pH 5.0 


| 
1 





PRECIPITATE (P-4) SUPERNATE (S-4) 
0.17 UNIT/UNIT 0.0. 2.2 UNIT/ UNIT 0.0. 


Fic. 2. Diagram of steps used in the preparation of antiplasmin from serum. 


solution. The precipitate (P-3) was removed by centrifugation and the super- 
natant solution (S-3) was discarded. Fraction P-3 was dissolved in chilled 
distilled water and dialyzed against distilled water to remove the ammonium 
sulphate. The dialyzed solution was brought to pH 5.0 with 0.1 N HCl, 
centrifuged, and the precipitate (P-4) discarded. The supernate (S-4) was 
adjusted to pH 7.0 with 0.1 N NaOH and frozen. S-4 was stable for several 
months when stored in the frozen state and was used for all calcium phosphate 
chromatography experiments. The entire purification procedure was carried 
out at 5°. 
Calcium Phosphate Gel 

The hydroxylapatite form of calcium phosphate gel was used throughout. 
The method of preparation was essentially that of Tiselius, Hjertén, and 
Levin (5) except for one modification. The brushite form was first precipitated 
by the earlier method of Tiselius (4) and then converted to hydroxylapatite (5). 
We have found that the resulting gel has a better particle size, giving a column 
with improved packing and flow characteristics. 
Conductivity Cell 

A flow-through microconductivity cell (Fig. 3), with a total volume of approx- 
imately 0.4 ml, was designed to measure phosphate concentration in the eluate. 
It was mounted at the base of the column. Resistances were measured on a 
Leeds and Northrup conductivity bridge, Model No. 4960. A linear log—log 
plot relating phosphate concentration to resistance was obtained for the range 
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Fic. 3. Microconductivity cell. A=8 mm; B =40 mm; C=10 mm; D=10 mm; E=6mm 
outside diameter; F =capillary tubing, inside diameter 2 mm, outside diameter 7 mm; 
G=4 mm inside diameter; H=outer electrode of platinized platinum foil; J =inner 
electrode, 10 mm platinized platinum wire, 1 mm diameter; K =electrode chamber, 10 mm 
inside diameter. 


0.005 to 0.1 M sodium phosphate buffer. 


Chromatographic Columns 


Small columns were prepared in 15X1.6cm test tubes having a 2-mm 
capillary tube outlet. Large columns were prepared in tubes having an inside 
diameter of 2.7 cm and a length of 25 cm, also with a 2-mm capillary outlet. 
The outlets were plugged with glass wool and the gel poured in and allowed to 
settle. Columns were packed and subsequently developed under 1.1 atmospheres 
of air pressure and equilibrated with the desired phosphate concentration. 
The heights of the gel columns were 10 cm and 11.5 cm for the small and large 
columns, respectively. Both sizes of columns were jacketed and kept at 5-6° 
by circulating cold water. 


Buffer 
Sodium phosphate buffer, pH 6.8, was used throughout as the eluting agent. 


Optical Density Measurements 

The optical density of solutions determined at 280 mz with a Beckman DU 
spectrophotometer was used as a measure of protein concentration. Specific 
activities of antiplasmin preparations are given in terms of antiplasmin units/ 
unit optical density and purification data are based on the specific activity of 
bovine serum. Optical density measurements were made in 0.1 M sodium 
phosphate buffer, pH 6.8. 


Results and Discussion 


Ammonium Sulphate Fractionation 
The diagram in Fig. 2 outlines the ammonium sulphate fractionation of 
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bovine serum. The fractions were dialyzed free of ammonium sulphate and 
adjusted to pH 7.0 with 0.1 N NaOH before assay. Only small amounts of 
antiplasmin are precipitated by ammonium sulphate concentrations up to 
40% saturation. S-4 is the most active fraction obtained by this method, and 
shows in this example a purification of 5.7-fold for a yield of 41%, based on the 
antiplasmin value of the original serum. On a nitrogen basis, the specific 
activity of various S-4 preparations has fallen in the range of 12-19 antiplasmin 
units per milligram of nitrogen. Ammonium sulphate concentrations higher 
than 60% saturation precipitate antiplasmin in greater yield, but of lower 
purity. 

Activity data have not been given for fraction P-3. On dialysis of P-3 to 
remove the ammonium sulphate, a viscous precipitate formed. This precipitate 
was removed with that obtained at pH 5.0; the combined precipitates (P-4) 
showed only slight activity. 


Chromatography of S-4 on Small Columns 

Figure 4 shows the elution pattern obtained by chromatography of 4 ml of 
S-4 on calcium phosphate gel. The S-4 preparation, having a phosphate 
concentration of 0.005 M and containing 94 antiplasmin units with a specific 
activity of 2.2 units per unit optical density (19 units per milligram of nitrogen) 
was introduced onto a small column previously equilibrated with 0.005 M7 
buffer. The column was developed with 30-ml volumes of 0.005 M, 0.01 M, 
and 0.02 M, in that order, and 1.5-ml fractions were collected. Finally 0.4 
buffer was applied to clear the column. The fractions eluted by 0.01 M buffer 
have been omitted from Fig. 4 as no protein peak was associated with this buffer 
concentration. A protein peak which was eluted with 0.005 M buffer contained 
the antiplasmin activity. However, the position of the activity curve suggests 
that the 0.005 M peak contains at least one other protein. The fractions tested 
for activity showed varying degrees of purification, the highest specific activity 
being 23.8 (fraction 12) and the lowest 4.4 antiplasmin units (fraction 17) per 
unit optical density, or a purification of 10.7- and 2.0-fold respectively over S-4. 
The mean purification of all the active fractions was 5.7-fold for a yield of 
38% from S-4. 

The protein peak eluted by 0.005 M buffer (Fig. 4) may be further fraction- 
ated, as shown in Fig. 5. In this experiment, 4 ml of S-4 was again chromato- 
graphed on a small column equilibrated with 0.001 WM buffer. The S-4 was 
applied in 0.001 M buffer and was followed by 30 ml of 0.001 M and 24 ml 
each of 0.003 and 0.005 M buffer; 1.5-ml fractions were collected in tubes 
contained in an ice bath. No activity could be found in the 0.001 M and 0.003 
M peaks, but was concentrated in the 0.005 M peak. Assay of fractions 42, 
44, 46, 48, and 50 immediately after the column was run indicated specific 
activities of 22.6, 23.2, 22.6, 15.6, and 8.4 units per unit optical density. This 
corresponds to purifications of 10.2-, 10.4-, 10.2-, 7.0-, and 3.8-fold over S-4. 
When the corresponding odd-numbered fractions were assayed approximately 
3 hours later, no activity could be detected, and reassay of the even-numbered 
fractions then showed a complete loss of activity. This activity loss has been 
encountered on several occasions with chromatographic fractions of this purity. 
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Fic. 5. Stepwise elution of S-4 from calcium phosphate gel columns. (Q———-O, 


optical density; X— 





X antiplasmin units per milliliter.) 


Chromatography of S-4 on Large Columns 

Because of the low yield of antiplasmin which is obtained with small columns, 
and the instability of highly purified fractions, a larger column was employed. 
One hundred milliliters of S-4 (2360 units) in 0.04 M buffer was applied to a 
2.7 X 11.5 cm calcium phosphate gel column previously equilibrated with 0.04 14 
sodium phosphate buffer. The first 60 ml (approximately one column volume) 
was discarded. The next 65 ml, comprising the fraction of highest activity, was 
dialyzed against water to remove the buffer and then lyophilized. This yielded 
152 mg of dry antiplasmin, having an activity of 6.8 units per milligram dry 
weight, and corresponding to a recovery of 44% of the antiplasmin units placed 
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on the column. The over-all purification from serum was 25-fold, on the basis 
of the specific activity of the dry antiplasmin, namely, 9.9 units per unit 
optical density. 
Stability of Large Column Antiplasmin Preparations 

The effects of dialysis, lyophilization, and storage on the partially purified 
antiplasmin prepared on a large column as described above are summarized 
in Table I. The specific activity of the solution (14 units per unit optical 


TABLE I 


Effect of dialysis, lyophilization, and storage 
on purified antiplasmin 








Specific activity, 





Treatment units/unit O.D. 
Column eluate, before dialysis 14.0 
Column eluate, after dialysis 11.1 
Column eluate, after dialysis and lyophilization 9.9 
Lyophilized powder, 1 week over P20; at —10° C 10.1 
Lyophilized powder, 1 month over P.O; at —10° C 10.1 
Lyophilized powder, 3 months over P,O; at —10° C 10.1 
Lyophilized powder, 12 months over P20; at —10° C 7.35 





density), immediately after collection from the column and before dialysis, 
corresponds to a purification of 6.4-fold from S-4 and 36-fold from serum. The 
loss on dialysis and lyophilization is approximately 30%. However, the dry 
antiplasmin is stable when stored in a desiccator over P,O; at —10° for periods 
up to 12 months, and remains instantly soluble in distilled water or buffer. 
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STUDIES ON THE PURIFICATION OF BOVINE 
PLASMINOGEN (PROFIBRINOLYSIN)! 


ARTHUR DaLBy,? EpMonp R. CoLe, AND EpwIn T. MERTz 


Abstract 


A crude bovine plasminogen product obtained from bovine serum by 30% 
ammonium sulphate precipitation has been purified 20-fold by means of iso- 
electric precipitation and calcium phosphate gel chromatography. A threefold 
purification was achieved by isoelectric precipitation. Plasminogen was pre- 
cipitated in greatest yield and highest specific activity at 40-fold dilution in the 
pH range of 5.25-5.50. The conditions under which plasminogen is eluted from 
calcium phosphate gel columns have been investigated. Plasminogen fractions 
possessing specific activity seven times that of the isoelectric-precipitated 
materials have been obtained by elution with phosphate buffers over the range of 
0.05 to 0.1 M, pH 6.8. 


Introduction 


Procedures for the partial purification of human plasminogen, the precursor 
of plasmin, have been reported (1, 2). While these methods give rise to a 
plasminogen preparation of relatively high specific activity, the final product 
is difficultly soluble at the pH of maximum activation. In the present report, 
a method is described which yields, on a small scale, bovine plasminogen 
preparations of high specific activity and completely soluble at neutral pH. 


Experimental 


Plasminogen Preparations Used for Chromatography 

The 30% ammonium sulphate fraction prepared from 10 to 15 liters of 
bovine plasma,* as described by Jackson and Mertz (3), was employed as 
the source of crude plasminogen. Prior to chromatographic studies, this 
material was purified further by the procedure described below. 

The 30% ammonium sulphate precipitate was dissolved in distilled water 
to one-fifth the original serum volume, frozen, thawed, and the resulting pre- 
cipitate discarded following centrifugation. The supernatant was adjusted to 
pH 5.3, diluted 40-fold with distilled water at room temperature, and the pH 
again adjusted to 5.3. The suspension was allowed to settle overnight at 5°. 
The supernatant solution was discarded and the precipitate dissolved in water 
together with sufficient 0.1 M NasH PO, to give a final concentration of 0.01 WM 
NazHPO, and a volume of 1/25th the original serum volume. Before making 
up to volume, the pH was adjusted to 8.9 with 0.1 N NaOH. The opalescent 
solution was stored in volumes of 1 to 10 ml and designated as bevine IEP 
preparation. 

1Manuscript received February 25, 1960. 

Contribution from the Department of Biochemistry, Purdue University, Lafayette, 
Indiana. Journal Paper No. 1516, Purdue University Agricultural Experiment Station. 
Supported by Contract DA-49-007-MD-195, Office of the Surgeon General, Department of 
pg ber address: Department of Biochemistry, Manchester College of Science and Tech- 


nology, Manchester, England. 
3Swift and Company. 
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Chromatographic Procedures 

The preparation of calcium phosphate gel (hydroxylapatite) and the general 
chromatographic techniques employed have been described (4). Columns 
were prepared in 151.6 cm test tubes having a 2-mm capillary tube outlet. 
A gel column 8 cm in height was found to be suitable for the analysis of 0.5 ml 
of bovine IEP preparation. A pad of glass wool was placed at the bottom of 
the column and the gel poured in and allowed to settle. Columns were packed 
and developed under 1.1 atmospheres of air pressure. After the column was 
packed, it was equilibrated with the desired buffer concentration. Bovine IEP 
preparation (0.5 ml) was layered under buffer at the top of the column and 
allowed to run in and was then followed by the developing buffers. One- 
milliliter fractions were collected. Changes in the phosphate concentration of 
the column eluate were followed using a flow-through microconductivity cell 
(4). In all experiments, sodium phosphate buffers, pH 6.8, were employed as 
the developing solvents. 


Determination of Protein Concentration 

The optical density at 280 my, measured in a Beckman DU spectrophoto- 
meter, was used as a measure of protein concentration. Purification data are 
based on the optical density of the 30% ammonium sulphate precipitate. 


Optical density measurements were made in 0.1 M sodium phosphate buffer, 
pH 6.8. 


Plasmin Assay 

Plasminogen fractions obtained during purification procedures were 
routinely activated with 1% streptokinase — human globulin at 25° for 1 hour 
in the presence of 0.01 M potassium phosphate buffer, pH 7.4 (5). The plasmin 
produced was assayed immediately by a manometric method (5). Specific 
activities of plasminogen solutions are given in terms of the yield of plasmin 
and expressed as esterase units (5) per unit of optical density at 280 my. In 
the case of fractions obtained from chromatographic columns, it was not 
always possible to satisfy the above phosphate concentration and pH require- 
ments. Chromatography of plasminogen was carried out at pH 6.8 and 
phosphate concentrations have been considerably higher than 0.01 M. Hence, 
before activation, the phosphate concentration was reduced by dilution to less 
than 0.05 M. Phosphate concentrations higher than 0.05 M or pH values 
other than 7.4 tended to reduce the apparent plasminogen content of a fraction. 


Results 


Precipitation of Plasminogen at Low Ionic Strength 

The 30% ammonium sulphate precipitate from bovine serum described by 
Jackson and Mertz (3) was employed without prior dialysis as the starting 
material. Table I shows the results of subjecting this fraction to 20- and 40- 
fold dilution at pH values in the range of 4.5-6.0. The precipitates were 
collected by centrifugation, dissolved in 0.01 M potassium phosphate buffer, 
pH 7.4, and assayed. The highest specific activities and recoveries were 
obtained at a pH of 5.25 and 5.50, representing a threefold purification. The 
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specific activity of the 30% ammonium sulphate precipitate was 0.50 esterase 
unit per unit optical density. In preparative work, a 40-fold dilution at pH 
5.3 was employed. The bovine IEP preparation used in the following chroma- 


tographic studies had a specific activity of 1.7 esterase units per unit of optical 
density. 


TABLE I 


Effect of pH and dilution on the purification and yield 
of precipitated plasminogen 














20-fold dilution 40-fold dilution 
Specific Specific 

pH activity* Yield, % Purificationt  activity* Yield, %  Purificationt 
4.50 0.32 16 0.64 0.60 25 1.2 
4.75 0.34 17 0.68 0.32 13 0.64 
5.00 0.88 45 1.8 0.95 49 1.9 
$.25 1.27 72 25 1.39 84 2.8 
5.50 Lae 75 2.5 1.58 96 3.2 
6.00 0.51 25 1.0 1.10 63 aoe 





*Esterase units per unit optical density. he : f : 
tRelative to 30% ammonium sulphate precipitate (0.50 esterase unit/unit optical density. 


Calcium Phosphate Chromatography 

Preliminary experiments were performed using a phosphate buffer gradient 
for the elution of plasminogen, but this method was less satisfactory than the 
stepwise elution method. The gradient elution experiments oriented future 
work, as they showed that plasminogen was eluted from the column at a 
phosphate concentration of less than 0.10 M at pH 6.8. 

Figure 1 illustrates the distribution of the protein and activity using a 
continued concentration gradient of phosphate buffer from 0.01 M to 0.1 M. 
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Fic. 1. Elution of bovine plasminogen from calcium phosphate gel by a single increase 
in molarity from 0.01 M to 0.1 M sodium phosphate buffer, pH 6.8. (O O, optical 
density; X X, esterase units per milliliter; , buffer molarity.) 
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Fic. 2. Stepwise elution of bovine IEP preparation from calcium phosphate gel 
columns. (O O, optical density; ———, buffer molarity.) 

Fic. 3. Elution of bovine plasminogen from calcium phosphate gel by a single increase 
in molarity from 0.05 M to 0.1 M sodium phosphate buffer, pH 6.8. (O————O, optical 
density; , buffer molarity.) 











Fractions 26-32, inclusive, account for about 65% of the plasminogen which 
was applied to the column, the remainder being retained. It is apparent from 
the relative positions of the two curves that the protein eluted contains more 
than one component. The mean specific activity of fractions 26-32 was 8.1 
esterase units per unit optical density. Based on the specific activity of the 
starting material, this represents a 4.7-fold purification. Fraction 32 showed 
the highest purification value of 6.7-fold with a specific activity of 11.4 esterase 
units per unit optical density. 
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Figure 2 represents an attempt to find a narrower range of phosphate 
buffer concentration over which plasminogen might be eluted. Here 0.01 M 
phosphate buffer was followed successively by 0.02, 0.04, 0.06, 0.08, and 
0.1 M buffer solutions. The fraction representing the highest optical density 
from each peak was assayed. Peaks 1, 2, and 3 were inactive; peaks 4, 5, and 6 
had respective specific activities of 10.1, 6.3, and 2.2 esterase units per unit 
optical density. Thus, increasing the phosphate concentrations from 0.04 M@ 
to 0.06 M did not elute all of the plasminogen, and two further increases to 
0.08 M and 0.1 M phosphate eluted plasminogen of lower purity. The de- 
creasing specific activity of plasminogen in peaks 5 and 6 presumably is due 
to the slow elution of inactive protein remaining on the column. 

Figure 3 shows the result of eluting plasminogen from the column in one 
step from 0.05 M to 0.1 M. The dip in the molarity curve is due to the 0.01 
disodium phosphate in which the plasminogen was applied. By starting at 
0.05 M instead of 0.04 M buffer, it was expected to eliminate the inactive peak 
3 shown in Fig. 2. However, the inactive protein showed up here as a shoulder 
preceding the plasminogen peak. Fractions 37—42, inclusive, showed respective 
specific activities of 3.7, 2.4, 9.7, 17.1, 9.7, and 13.3 esterase units per unit 
optical density. The mean specific activity of fractions 39-42 was 12.4 and 
represents a 7.3-fold purification from the bovine IEP preparation. These 
four fractions contained 48% of the 78 esterase units put on the column. 


Discussion 


By means of isoelectric precipitation of a 30% ammonium sulphate pre- 
cipitate from bovine serum and subsequent chromatography of this isoelectric 
precipitate on calcium phosphate gel, it has been possible to obtain a bovine 
plasminogen preparation of high purity. A 40-fold dilution at pH 5.3 was 
adopted for preparative isoelectric precipitation procedures. The bovine 
IEP preparation used in these studies represents a threefold purification over the 
30% ammonium sulphate precipitate. Unfortunately, data are not available 
to calculate purifications from serum since bovine serum contains large amounts 
of antiplasmin and attempts to obtain meaningful plasminogen values in the 
presence of this inhibitor have been unsuccessful. Therefore, purification data 
are based on the 30% ammonium sulphate fraction. 

All of the chromatographic experiments reported were performed on small 
columns. The plasminogen obtained was in true, but dilute, solution. Attempts 
to use larger columns to process large amounts of material have been unsuc- 
cessful because of technical difficulties such as flow rates and channeling in 
the columns. 

The use of calcium phosphate gel to further purify bovine IEP preparations 
was based on the observations of Tiselius, Hjertén, and Levin (6) that many 
proteins are held on this gel and can be eluted from it over a very narrow 
range of phosphate concentration, the R; of the protein changing rapidly 
from zero to one over this range. The relatively wide range of phosphate 
concentration over which plasminogen is eluted, i.e., from 0.05 M to 0.1 M, is 
characteristic of proteins having strongly curved adsorption isotherms (6). 








1034 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 38, 1960 


Thus it is not possible, under the experimental conditions employed here, to 
resolve any components which are present in the plasminogen elution range. 
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